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This study is aimed to investigate the relationship between morphology and properties
of non polar polymers in the presence of polar additives of diﬀerent nature. The addi-
tion of the physical gel dibenzylidene sorbitol (DBS) in a polyethylene (PE) blend has
shown to act as a nucleation site on the polymer. Electron microscopy was used to re-
veal the ﬁbrillar network formed by the DBS and its interaction with the PE. Moreover,
the nucleation density in each material was obtained as a function of the crystallization
temperature, which showed an increase in the number of nuclei in the clariﬁed system
compared to the unclariﬁed one. However, this was found to be temperature depen-
dent. The nucleation of PE on DBS was also studied through the induction time, which
revealed a reduced surface energy of the polymer nucleus in the presence of the DBS.
Space charge measurements were taken to investigate the charge transport in PE/DBS
blends and the space charge at low concentration of the gelator was found to improve
the space charge distribution. The same polyethylene blend has then been studied also
upon addition of relatively polar ethylene/ vinyl acetate copolymers (EVA), with a VA
content varying from 9 % to 40 %. Morphology studies showed that three main fac-
tors control the phase separation, namely the the time the blend is kept in the melt,
the PE:EVA ratio and also the EVA molecular weight. However, breakdown testing
demonstrated that the polarity of EVA decreased the breakdown strength of the blends,
independently on the morphology. Finally, a preliminary study was conducted withii
EVA based nanocomposites to determine the eﬀect of ﬁller on the dielectric properties
of the nanocomposite. Two relatively polar copolymers, EVA9 and EVA18, were pro-
cessed by solution blending together with 5 % of o-MMT ( I30P and I44PA), and the
time of solution blending was varied from 10 min to 100 min. X-ray scattering data
showed intercalation in the case of EVA9 based nanocomposites and potential exfolia-
tion for EVA18 based nanocomposites. However, X-ray results suggest that the solution
blending could extract a fraction of the organo-modiﬁed ions from in between the MMT
galleries, leading to shrinkage of the clay spacing. The nanocomposite was also analysed
from the point of view of its breakdown properties, which were shown to be unaﬀected
by the presence of ﬁllers.Contents
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Introduction
1.1 Polymers and Structure
A polymer consists of a large number of repeated units, connected together to
give a macromolecule. The most fundamental and widespread example of a nat-
ural polymer is DNA, whilst polyethylene is an example of a synthetic polymer.
Polyethylene was discovered fortuitously, as a direct side eﬀect of producing am-
monia under high pressure in the early 1930’s [1]. Later in the 1950’s, Ziegler and
Natta produced the ﬁrst polyoleﬁn using an organometallic catalyst, which allowed
the production of this polymer under more feasible conditions, i.e. atmospheric
pressure and room temperature [2, 3, 4, 5]. Polyethylene derives from the ethylene
monomer, which is also used for the production of other polymers when combined
with chlorine and styrene.
Figure 1.1: The basic structure of bonding patterns of polyethylene atoms
showing Carbon (C) and hydrogen (H): From [6].
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A few years after, another fundamental step was achieved in polymer science;
Keller successfully grew single crystals of polyethylene [7]. Polyethylene is known
to consist of a chain of carbon and hydrogen atoms held together by covalent
bonding, as shown in Figure 1.1. The H-C-C bond angle is 112◦, the C-C-C
bond angle is 107◦ with a bond length of 0.15 nm, while the H-C-H bond length
is 0.11 nm [6, 8, 9]. The chains are attracted to each other by van der Waals
forces. These latter forces determine most of the physical properties, such as
crystallisation, melting, ﬂow and deformation. Single macromolecules can exist
as linear or branched chains, and these chains can also form a three dimensional
network.
Polymeric chains composed of the same repeated unit are termed homopolymers,
whereas polymers formed by diﬀerent types of monomer are termed copolymers.
The simplest copolymer is composed by two diﬀerent repeating units, A and B.
However, the sequence can diﬀer from:
• random copolymer, when A and B are positioned randomly (A-A-A-B-A-B)
• alternating copolymer, when A and B are positioned alternately (A-B-A-B-
A-B)
• block copolymer, when long sequences of each monomer are present in a
chain (A-A-A-B-B-B)
• graft polymer, when a homopolymer chain is branched to another diﬀerent
polymer
1.1.1 Polymer Crystal
Polyethylene is able to crystallise when it is cooled down from the melt, but
not completely; therefore, it is called a semi-crystalline polymer. In fact, onceChapter 1 Introduction 3
crystallised, the polymer contains a mixture of crystalline and amorphous regions
[6]. In the solid state the molecules adopt a zig-zag structure, in which the carbon
atoms arrange into an all-trans conformation within the crystal. The unit cell for
polyethylene is orthorombic with dimensions a = 0.736 nm, b = 0.492 nm and
c = 0.254 nm (Figure 1.2) [6]. However, polyethylene can also form monoclinic
or hexagonal unit cells under diﬀerent conditions. Hexagonal structures derive
from crystallisation under high pressure, whilst monoclinic cells are observed upon
crystallisation under deformation [10].
Figure 1.2: Unit cell of PE repeated in xyz; from [6].
The initial stages of polymer crystallisation involve the formation of thin platelets,
commonly referred to as lamellae. These lamellae are of the order of 10 nm thick
and ∼ 10 µm in the lateral extent [8]. Keller, Fisher and Till [7, 11, 12], in three in-
dependent works, deduced that these molecules must be folded many times within
the crystal and described that the crystal can also twist (Figure 1.3). The space
between the crystals, known as inter-lamellar regions, are not crystalline. The
inter-lamellar regions may therefore be weak and contain tie molecules, defective
species and impurities.
Three main models were proposed to account for lamellar folding. In a ﬁrst model,Chapter 1 Introduction 4
Figure 1.3: Diagram of polymer spherulite with chain-folded lamellae. From
[10].
referred to as the switchboard model, Flory suggested a random folding of the
chain on the same lamella and on other adjacent lamellae [13]. A second more
idealised model is referred to as the smooth surface model, where the chain folded
lamellar surfaces are smooth with just a few defects. A variation is represented by
the rough surface model, where the length of chain folding can vary and multiple
nucleation can occur [10]. These interpretations of chain folding contradict each
other in several aspects; however, a detailed discussion of the origin of the chain
folding is beyond the scope of this thesis.
Crystals develop into lamellae, which then act as nucleation sites for the forma-
tion of more lamellae. A screw dislocation process then drives the development of
more complex objects, like spherulites [14, 15], as shown in Figure 1.3. During this
latter stages of polymer crystallisation a spherulite can grow up to 50 − 500µm
depending on the undercooling temperature [9, 7, 16]. Depending on the crys-
tallisation temperature, a spherulite can grow until impinging upon neighbouring
spherulites.Chapter 1 Introduction 5
1.1.2 Thompson-Gibbs Equation and Chain-Folded Crys-
tals
In order to describe the conditions under which polymer crystals can be formed,
a thermodynamic model is necessary. The Thompson-Gibbs equation applies the
principles of thermodynamics to the model of crystal lamellae as shown in Fig-
ure 1.4.
Figure 1.4: Thin Chain-folded crystal showing σ, σe with dimensions l and x.
From [10].
The importance of this equation derives from the fact that it relates the melting
point to the crystal thickness. Therefore, for a ﬁnite crystal lamella, the change
in free energy upon melting, 4G, is equal to:
4G = 4xlσ + 2x
2σe − x
2l(∆G
∗) (1.1)
where l is the dimension of the crystal, x the largest dimension, σe the folded
surface free energy, σ the lateral surface energy and ∆G∗ is the free energy of
fusion at the equilibrium melting point. Thus, ∆G∗ is equal to:
4G
∗ = 4Hfus − T4Sfus = 4Hfus (4T)/T
0
m (1.2)Chapter 1 Introduction 6
where 4Hfus and 4Sfus are the enthalpy and entropy of fusion per unit volume of
crystal, respectively. T 0
m is the equilibrium melting point of a crystal with inﬁnitive
thickness l, and 4T is the undercooling ( Tm − T ). At the melting point, 4G is
equal to 0 and the dimension of x is much larger than l ( x ￿ l), hence:
Tm = T
0
m [1 − 2σe/(4Hfus)l] (1.3)
Plotting Tm agaist 1/l yields the value of T 0
m and σe. In the case of polyethylene,
the value of T 0
m is ∼ 142 ◦C and σe is 0.93 J/m2 ([17]).
1.1.3 Polymer Nucleation and Growth
Polymer nucleation can be divided into two processes, the primary and the sec-
ondary nucleation. In general, the formation of primary nuclei is followed by sec-
ondary nucleation of the polymer, which is described by Hoﬀman and Lauritzen
theory. Stable nuclei can be formed only if the free energy barrier is overcome as
shown in Figure 1.5.
In order to deﬁne the critical size of the nucleus, a diﬀerentiation of the free energy
is necessary:
4G
dr
= 0 (1.4)
where r represents the size of the embryo. The maximum is deﬁned as the acti-
vation energy barrier which has to be overcome in order to form a stable nucleus,
which will form the ﬁrst layer of nulcei. Afterwards, a second layer can nucleate
and grow on the surface of the ﬁrst layer, which will have a lower free enthalpy bar-
rier, due to a smaller size of the surface area. Most nucleation and crystallisation
theories are based on the secondary nucleation concept. Hoﬀman and Lauritzen
were among the ﬁrst to explain the growth rate of polymer crystals [10, 17, 18].Chapter 1 Introduction 7
Figure 1.5: Schematic diagram of Gibbs Equation. Nuclei are unstable for r
< r∗, where r∗ is the critical nuclei size.
Although other nucleation theories have also been proposed, such as the molecular
nucleation model developed by Wunderlich [19] and rough surface growth model
of Sadler and Gilmer [20], the Hoﬀman and Lauritzen (HL) theory is the most
widely adopted.
The HL theory expresses the linear growth rate (G) of a secondary nucleus as a
function of degree of supercooling (∆T = T 0
m−Tc), where ab is the cross-sectional
area of the polymer chain, a the width of the molecule, b is the ﬁxed thickness
of the nucleus and l is the height ﬁxed at diﬀerent undercooling which spreads
laterally at the rate g. The surface nucleus grows up to the thickness L and causes
the crystal to grow in G direction as illustrated in Figure 1.6. From this it has
been shown that the growth rate, G, results in an equation of the following form:
G(T) = G0exp[−U
∗/(R(Tc − T∞))]exp[−Kg/(fTc∆T)] (1.5)
where G0 is the pre exponential factor; U∗ is the activation energy to transport aChapter 1 Introduction 8
Figure 1.6: Model for crystal growth induced by chain-folded surface nucleus.
(a)Model of surface nucleus growing in g direction causing layer b to grow in G
direction. (b) Surface nucleus growing a new layer. From [21].
polymeric segment across the liquid-crystal interface, which is taken as 1500 cal/-
mol; R is the gas constant and T∞ is the theoretical temperature which is assumed
to be equal to Tg = −30◦C [22]. The term f = 2Tc/(Tc+T 0
m) is a correction factor
to account for the temperature dependence of the heat of crystallisation. Kg ac-
counts for the crystal growth, which can assume a three growth regime depending
on the undercooling conditions. At high temperatures, the lateral growth rate is
dominant with respect to the formation of new nuclei. This temperature range
corresponds to the so-called regime I and G can be written as follow:
GI = b0iL (1.6)
where b0 is deﬁned as the thickness of the layer, i is the surface nucleation rate
and L the substrate length. At intermidiate rage of temperautures, the growthChapter 1 Introduction 9
rate is controlled by both i and g and it is termed regime II:
GII = b0(2iL)
1/2 (1.7)
At low temperatures, growth occurs through multiply nuclei, such that the growth
rate is determined by the nucleation rate, as in the case of regime I (see eq. 1.6).
Expressing i and g, the overall growth rate G can be found. In regime I and III,
Kg assumes the value of:
KgIII = KgI = 4b0σσeT
0
m/(∆Hmk) (1.8)
Whereas in regime II, Kg assumes the value of:
KgII = 2b0σσeT
0
m/(∆Hmk) (1.9)
Plotting log(G) against 1/Tc∆T would yield a graph for the growth regime as
shown schematically in Figure 1.7. Some experimental observations have conﬁrmed
HL theory, whilst in other system, sharp changes in the growth regime have been
not detected. This could be attributed to the complexity of the polymer systems
used, where morphological changes occur gradually. Moreover, HL theory has and
still provides criticisms from some researchers [20, 23].
1.1.4 Crystallisation Kinetics
In order to describe the evolution of the crystallisation, Avrami analysis remains
a popular approach [24, 25, 26]. It is based on the Poisson probabilistic equation.
Gedde [8] described how a general formula can be derived starting from t = 0,
taking into account that the crystallisation of a semicrystalline polymer is alwaysChapter 1 Introduction 10
Figure 1.7: Schematic diagram showing the three regime changes of G in
function of 1/Tc∆T.
incomplete and that the volume of the system changes during crystallisation. From
this point, the following equation can be derived:
1 −
Vc
V∞
= exp(−Kexp (t − t0)
n) (1.10)
where Vc and V∞ are the instantaneous and ﬁnal crystallinity volume fractions,
n is the Avrami exponent, which depends on the dimensionality and type of the
crystallisation; n typically assumes values of 1, 2, 3 and 4 according to the nature
of nucleation and growth process. For spherical growth, n is equal to 3 or 4,
for plate or disc types is 2 or 3 and for ﬁbrilar ones is 1 or 2. Morgan [27]
reported how the Avrami exponents are associated with diﬀerent nucleation modes
and structures. Three mechanisms of crystallisations were related with diﬀerent
nucleation events, as shown in Table 1.1. where d is the diamater of ﬁbre, G is the
linear growth rate, N is the nucleation density, Ω is the nucleation rate and h is
the lamellar thickness. From experimental data the value of n rarely corresponds
to the values shown in table 1.1, due to erroneous determinations of zero time,
baseline and overestimation of fusion [28], secondary crystallisation and mixedChapter 1 Introduction 11
Table 1.1: Avrami parameters for diﬀerent cases of polymer growth (ﬁbrilar,
laminar, sphere) in athermal condition or thermal.
Mechanism of Growth Nucleation (n) Course of crystallisation
Fibrillar Growth - athermal 1 −π
2d2N
Fibrillar Growth - thermal 2 −π
4d2GΩ
Laminar Spherulitc Growth - athermal 2 −lG2N
Laminar Spherulitc Growth - thermal 3 −lG2 Ω
2
Initial sheaf-like Growth - athermal 3 −4
3πNG3
Initial sheaf-like Growth - thermal 4 −π
3ΩG3
nucleation modes. Furthermore the erroneous value of n can aﬀects kexp.
1.2 Polymer Blends
The production of blends has attracted considerable interest because, in this way,
the macroscopic physical properties of a material can be modiﬁed. Systems can
contain two or more components and they can be miscible or immiscible. Macro-
scopic phase separation can occur within the blend and this process can be en-
hanced by crystallisation, so inﬂuencing the morphology [8].
In the case of polyethylene (PE), many studies have been conducted on blends of
high and low density polyethylene [9, 29, 30]. In fact the phenomenon of phase
separation has been proposed to occur when varying the blend composition; this
is referred to as liquid-liquid phase separation (LLPS)[31]. Diﬀerential scanning
calorimetry (DSC) was used to study such blends, and at low concentrations of high
density PE two peaks were present. Studies attributed the presence of two peaks to
phase separation [9]. Other studies have shown the presence of co-crystallisation
in blends of branched low density polyethylene (BPE) and high density linear
polyethylene (LPE)[32]. These data suggest that phase separation occurs for more
highly branched grades of branched polyethylene. In the study by Greenway [29]
blends containing 20 % LPE and 80 % of BPE were examined and found to exhibit
continuous spherulitic morphologies at speciﬁc crystallisation temperatures. These
are the same blends used in this work.Chapter 1 Introduction 12
1.2.1 Thermodynamics of Polymer Blends
Multicomponent polymeric systems have been traditionally, and at the simplest
level, studied with reference to polymer solutions. A ﬁrst attempt to explain
the theory of solution thermodynamics was given by Hildebrand and Wood in
1932 [33]. They developed the so called regular solution theory, which is not
valid for polymer solution. In 1941, Flory and Huggins developed an improved
theory: Flory-Huggins lattice theory. The essence of this theory is based on a
lattice containing the diﬀerent components. This model assumes no change of
volume during mixing, the entropy is given by rearrangements during the mixing
process and the enthalpy is caused by interaction between the repeating unit of the
polymer, called segments and the solvent. The Flory-Huggins theory, therefore,
was able to estimate the miscibility of polymeric systems [34, 35]. From the lattice
theory, the entropy of mixing of two polymers, considered 4Vmix = 0, results:
4Smix = −R
￿
ν1
M1
lgν1 +
ν2
M2
lgν2
￿
(1.11)
where ν is the volume fraction of the two polymers, M is the molecular weight
and R is the gas constant. The value of 4Hmix is given by:
4Hmix = RTχν1ν2 (1.12)
where T is the temperature in Kelvin and χ is the Flory-Huggins binary interac-
tion parameter. Polymer blends show improved technological application thanks
to enhanced properties such as strength and optical clarity ([9, 29, 36, 37, 38]).
However, when two polymers are mixed together they can exhibit phase separation
due to the diﬀerent nature of the polymers, as is the case for a mixture of a polar
and a non-polar polymer. From a thermodynamical point of view, a completeChapter 1 Introduction 13
miscibility between two polymer can be achieved if the following expression holds:
4Gmix = 4Hmix − T4Smix < 0 (1.13)
where 4Gmix is the free energy of mixing, 4Hmix is the enthalpy of mixing and
4Smix is the entropy of mixing at the temperature T. The sign of 4Gmix always
depends on the value of the enthalpy of mixing, because the value of 4Smix is
always positive and small. The polymer blend forms a single phase only if the
entropic contribution to free energy exceeds the enthalpic contribution as follows:
4Hmix < T4Smix (1.14)
Considering a binary system the free energy formula can be expressed as follow:
4Gmix = RT
￿
ν1
M1
lgν1 +
ν2
M2
lgν2 + χν1ν2
￿
(1.15)
From this expression, it can be seen that, in the case of high molecular mass M the
entropy term becomes extremely small. Therefore the miscibility of two polymers
is possible only if the value of χ is negative. For a blend of polymer, the miscibility
can be achieved if χ = χcr is met:
χcr =
1
2
￿
1
√
M1
+
1
√
M2
￿2
(1.16)
where M is the molecular weight of the polymers [39]. However the value of χ does
not depend only on the molar masses, but depends on the pressure, temperature
and concentration [40].
Figure 1.8 represents some schematic phase diagrams:Chapter 1 Introduction 14
Figure 1.8: phase diagram for a mixture from [6].
The ﬁgure is composed of two lines called the binodal and the spinodal (dash line)
that separate respectively the miscible and metastable phases, and the metastable
and two phase region. The spinodal and the binodal curves meet at a point called
upper critical solution temperature (UCST) and/or at lower critical solution tem-
perature (LCST). Above the UCST point and below the LCST point the miscibility
occurs at all compositions. When the polymer system enters the metastable phase
from the single phase region, phase separation occurs by slow nucleation followed
by growth of the phase separated domains [40]. When the polymer system en-
ters, instead, from the single phase region to below the spinodal line, phase occurs
spontaneously by the mechanism called spinodal decomposition.
1.3 Types of Polymer Blends
Polymer blends diﬀer as a result of the diﬀerent nature of one or more of the com-
ponents, or as a result of the presence of diﬀerent additives. Mechanical properties
can be improved by adding nucleating agents, which increase the number of nuclei
in the bulk [41]. In other cases, mechanical properties can be modiﬁed by the
presence of partially non crystalline polymers, like ethylene vinyl acetate (EVA)
copolymers [42]. Moreover, in the last decade polymers loaded with ﬁllers, havingChapter 1 Introduction 15
at least one dimension of nanometric size, have attracted considerable attention.
Here are some examples of polymeric systems that having been studied as part of
the investigation described in this thesis.
1.3.1 Polymer blends and Nucleating Agents
The inclusion of additives in polymers is a widely used method to improve the be-
haviour of polymers, such as mechanical and optical properties [43, 44]. However,
only in the last few years has the inclusion of additives as morphology modiﬁers
been studied. Dibenzylidene sorbitol (DBS) is an organic nucleant agent contain-
ing two benzene rings and two hydroxyl groups (Figure 1.9); a physical gel is
obtained at room temperature when small quantities of DBS are added to many
polymers, including polydimethylsiloxane [45, 46] and polyalkylene oxides [47]. In
the presence of several semicrystalline polymers, DBS forms a gel at a temperature
above the polymer melting temperature and promotes heterogeneous crystallisa-
tion of the polymer once the temperature is decreased. DBS forms nanoﬁbrils of
about 10 nm in diameter [48] upon which the polymer is able to crystalise form-
ing small spherulites [49]; this gives enhanced mechanical and optical properties
(depending on the spherulite size). Studies have shown an impressive nucleating
eﬃciency of DBS most notably in system based on polypropylene [41].
Figure 1.9: Dibenzylidene sorbitol structure.
The density of nuclei in iPP containing diﬀerent quantities of sorbitol was increased
by ﬁve orders of magnitude, as shown by Martin [50]. The crystallisation in com-
mercial polymer is attributed to heterogeneous nucleation, such as impurities. For
this reason nucleating agents play important roles. Beck [51] pioneered works inChapter 1 Introduction 16
this area, and suggested some criteria for nucleant agents, which include: stabil-
ity, insoluble, and solid at temperatures above the melting point of the chosen
polymer. DBS is a good example that meets these criteria. Subsequent studies
proposed that nucleation is attributed to the epitaxial growth of lamellae on a
substrate crystal of the nucleating agent [52, 53]. Kim et al. [54] have already
demonstrated the eﬃciency of DBS in polyethylene at a concentration of 0.1 %.
In this study the eﬀect of DBS on blends of LPE and BPE will be analysed. Also,
the eﬀect of DBS on nucleation at diﬀerent crystallisation temperatures will be
investigated.
1.4 Immiscible Blends
Ethylene-vinyl acetate is a copolymer formed by a ethylene monomer and a vinyl
acetate unit(VA). Diﬀerent types of EVA can be found in commerce, which diﬀer
in terms of the relative proportions of the two monomers. On increasing the VA
part, the crystallinity of the copolymer decreases becoming a rubber-like material.
Up to 10 % wt VA content, the density decrease and the crystalline structure is
still present. At 15-30 % VA the copolymer becomes very soft and ﬂexible. At
40-50 % the rubber-like product predominates and the copolymer can be used
as cable insulation, after cross-linking with an appropriate peroxide compound.
For higher VA percentage, the copolymer becomes viscous and it can be used
for paint or adhesive coatings. Whilst EVA itself has been studied as a potential
nanocomposite materiel, a relative few studies have been concerned with PE/EVA
blends; many of these studies have highlighted the immiscibility of the polyoleﬁn
polymers with EVA, due to the polarity of the acetate group [55].
However, some investigations revealed an interaction between the two materials
when the VA content is present at low concentrations [56]. Some studies found that
the addition of EVA to LDPE results in enhanced material toughness [42], whileChapter 1 Introduction 17
Figure 1.10: Ethylene-vinyl acetate structure.
others found that a phase separated microstructure develops with increasing VA
content. In this study, a series of EVA systems will be investigated: this research
will focus on the eﬀect of VA on the microstructure of PE and the breakdown
characteristic of the blends.
1.5 Polymer Nanocomposite
In the last decade polymers loaded with ﬁllers, having at least one dimension
of nanometric size, have attracted considerable attention. According to the ﬁrst
deﬁnition of nanocomposites, three types of nanocomposites can be distinguished,
depending on how many particle dimensions are nanometers in size [57]:
• When the three dimensions are nanometric, we are dealing with isodimen-
sional nanoparticles (e.g. spherical silica nanoparticles).
• When two dimensions are nanometric and the third is larger, forming an
elongated structure, we speak about nanotubes and whiskers (carbon nan-
otubes and nanoﬁbres or cellulose whiskers).
• When only one dimension is nanometric, the ﬁller is present in the form
of sheets, commonly of one to a few nanometers thick and of hundreds to
thousands of nanometers in lateral exent, known as polymer/layered crystal
nanocomposites (PLC).Chapter 1 Introduction 18
There is a wide variety of both synthetic and natural crystalline ﬁllers that are
able, under speciﬁc conditions, to generate the ﬁnal type of nanocomposites (e.g.
montmorillonite, hectorite, saponite, hydrotalcite, ﬂuoro-mica). However, those
based on clays and layered silicates have been more widely investigated, probably
because the starting clay materials are easily available and because their inter-
calation chemistry has been studied for a long time. Many studies focused on
the processability of nanocomposites, others the interactions between polymers
and ﬁllers. Mechanical properties have been widely investigated, whilst electrical
properties are still to be fully elucidated. Tanaka et al. [58] studied the eﬀect
of dispersed nanoparticles in thermoplastic polymers. Interfacial regions between
the nanoparticles and the polymer are believed to have a high impact on the di-
electric properties of the material, due to the surface to volume ratio [59]. Nelson
and Hu [60] compared the space charge characteristics of micro and a nano TiO2-
epoxy systems. The nanocomposite showed a much faster space charge decay than
the microcomposite, suggesting that the interface states enhance charge transport
processses. This investigation highlighted the potential of this new material as
an insulator, which could have a high impact from a technological point of view,
due to the potential for a more compact designs in electrical equipment. However,
including nanocomposite in non polar polymers such as polyethylene can be dif-
ﬁcult, due to the limited compatibility of the polymer nature with the ﬁller [61].
This obstacle is often partially alleviated through the addition of grafted maleic
anhydride, which enhances the polarity of the matrix and therefore increases the
dispersion of ﬁller into the polymer. This can however, have a penalty in the
case of dielectrics, due to the increased polarity of the system. In this project the
addition of diﬀerent degrees of polarity has been considered and the eﬀect of this
on dielectrics properties has been studied.Chapter 1 Introduction 19
1.6 Aim of the Thesis
This work focuses on the interaction between PE-based blends and polar com-
pounds. The incorporation of nanostructure compounds can modify both the
structure and electrical properties of the polymer. The aim of this thesis is to
investigate the eﬀect of nanostructured polymers on the physical properties by
making use of traditional morphology characterisation and by analysing the elec-
trical properties of the material. Chapter 2 of the thesis outlines all the methods
which have been applied in this study. First, the preparation procedure is ex-
plained, followed by the structural characterisation and by the description of the
electrical methodology.
The third chapter focuses on the interaction between polyethylene and DBS. Stud-
ies of microstructures of diﬀerent PE:DBS systems in combination with isothermal
crystallisations are examined. Chapter 4 is focused on the eﬀect of the polarity in
the system is explored in combination with electrical properties. The ﬁfth chapter
of the thesis focuses on the interaction between PE blend and a macromolecular
polar copolymer, EVA. A series of blends have been prepared varying both the
EVA and the VA content. The morphology and the phase separation have been
studied. Breakdown strength of the blends examined in Chapter 5 are analysed in
Chapter 6. Finally Chapter 7 studies EVA/organoclay nanocomposites and their
potential as nanodielectrics. Two commercially modiﬁed and an unmodiﬁed clay
have been mixed with EVA systems of varying the VA content. A ﬁrst attempt of
a masterbatch of EVA/MMT was explored, but many diﬃculties in preparing and
dispersing the clay in the polymers were encountered. Therefore this aspect of the
project concentrated on the interaction and dispersion of 5 % MMT in EVAs. Fi-
nally, Chapter 8 summarises all the general conclusions and presents some possible
future developments.Chapter 2
Methods and Analysis
In this section, all the techniques used to prepare and analyse the materials ex-
amined in this study will be described. The preparation methods will ﬁrst be
described, followed by the structural characterisation and, ﬁnally, by the electrical
testing methods.
2.1 Sample Preparation: Solution Blending
Generally, to prepare a polymer blend, the polymer must ﬁrst be melted and
mixed in an extruder. However, in order to prepare small quantities of polymer
blends in a laboratory and to avoid any shear history, the material is commonly
dissolved in a suitable solvent and subsequently precipitated-out of the blend using
a non-solvent. When the non-solvent is added to the solution, it interacts with
the solvent component, expelling the polymer blend in the form of a gel. During
this project, xylene was used as the solvent, due to its commercial availability and
extensive characterisation in many previous studies[9, 15, 50]. Methanol or hexane
was chosen as the non-solvents.
During the preparation of blends, a concentration of 1 % w/v (polymer/xylene)
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was used. The experiments were performed under reﬂux conditions to avoid evap-
oration of the solvent. Once the boiling temperature was reached, the solution was
left to cool down for 10 min, and then poured into methanol to precipitate the
blend out of solution. The precipitate was removed from solution via ﬁltration,
left to dry at room temperature and then sealed under vacuum for 24 h. Finally,
the blends were dried in a dynamic vacuum oven for 48 h at a temperature of
40 ◦C to remove any residual solvent.
When a blend of polymer was prepared in the presence of DBS, hexane was chosen
as the non-solvent. Unsuccessful attempts were made using methanol; due to
the polarity of sorbitol it was also extracted during the ﬁltration stage together
with the xylene, such that methanol could not be used. Finally, all the blends
obtained were examined by diﬀerential scanning calorimetry to ensure uniformity
of the material. Once the blend had been prepared, further preparation steps were
required depending upon the ﬁnal experimental requirements.
2.1.1 Samples Preparation for Optical Microscope
Samples for polarised optical microscopy studies were prepared from solution. A
small quantity of blend was added to xylene, heated and stirred until the polymer
was completely dissolved in the solvent. Typically, 200 mg of blend was dissolved
in 100 ml of solvent. Small aliquots were then pipetted onto microscope slides and
left on the hot stage for approximately 2 min to allow the xylene to evaporate. At
this point, a coverslip was placed onto the sample and pressure was gently applied
to avoid any undue stress being transferred to the polymer.
Finally, all the samples were crystallised using a Mettler FP90 hot stage. All
samples were heated to a melting temperature of 200 ◦C and left at this tem-
perature for 5 min, allowing the polymer to relax, and thereby avoiding a high
degree of stress within the sample. Samples were then cooled and isothermallyChapter 2 Methods and Analysis 22
crystallised. Following crystallisation, samples were quenched in liquid nitrogen,
ready for study using the optical microscope. Preliminary information was also
obtained by observing the sample via the microscope during crystallisation within
the hot stage.
2.1.2 Microtomy
Samples for study in the scanning electron microscope (SEM) required special
preparation. Specimens of deﬁned dimension were melted and crystallised at the
required temperature in the diﬀerential scanning calorimeter (DSC), before being
cut using an ultra-cryo-microtome [9, 50]. The specimens were ﬁrst mounted in the
sample holder in a cryo-chamber. Before cutting, samples were cooled to a tem-
perature of -100 ◦C, thereby making them harder, and hence, easier to cut. Glass
knives were prepared using a RMC ultramicrotome glass knife maker. However,
the surface, after being cut, is not representative of the internal microstructure as
it contains artifacts related to the cutting process. For this reason, all the samples
were etched, so that that structure of the blends was revealed.
2.2 Structural Characterisation
The materials were studied using a range of techniques including optical mi-
croscopy, scanning electron microscopy (SEM), diﬀerential scanning calorimetry
(DSC) and X-ray diﬀraction (XRD).
2.2.1 Optical Microscopy
During the project a Leitz transmission light optical microscope was used. The
aim was to study the morphology of the samples crystallised in the Mettler hotChapter 2 Methods and Analysis 23
stage.
Light can be seen as a wave having an oscillation ﬁeld (E), a polarisation direction
(P), a propagation direction (x) and a deﬁned wavelength (λ) (see Figure 2.1a)
[62].
Figure 2.1: Diagram of light wave (a); linear polarised light wave (b); From
[62].
Natural light is unpolarised, but it can be linearly polarised using a polariser, as
shown in Figure 2.1b. Linearly polarised light is when the electric vector of the
wave E, is conﬁned to a single plane of oscillation. In this case it will be conﬁned
to the plane determined by the polariser.
A polarising transmission optical microscope consists of condenser optics, ﬁeld and
substage apertures, two polarisers, the objective lenses and the ocular lenses. One
polariser is placed below the condenser, while the second one, termed the analyser,
is positioned between the objective and the ocular lenses. The orientations of the
polarisers are perpendicular to each other (crossed polar) such that no light is
transmitted in the absence of a sample or retarder. When the light enters the
material, it can be considered to split into two components (ordinary (o) and
extraordinary (e) rays) which propagate through the sample at diﬀerent speeds.
This phenomenon is called bifringence [63]. As a result, a phase diﬀerence is
introduced between the two rays. Upon emerging from the sample, these two raysChapter 2 Methods and Analysis 24
combine (as a result of super position of the e- and the o-waves) into a single beam;
however, due to the phase diﬀerence introduced by the sample, the polarisation of
the wave diﬀers slightly from that of the incident linearly polarised beam. Only
light parallel to the plane of polarisation of the analyser will be transmitted, while
the rest will be absorbed or partially transmitted. This generally accounts for a
variety of shades of grey, black and white observed in the absence of a chromatic
retarder. When a chromatic retarder is introduced between the sample and the
analyser, an additional phase shift between the o- and e-waves is introduced, the
magnitude of which shift depends on the retarder in use. For example, in this
experiment a λ wave plate was used, which means that at a wavelength of an
additional phase diﬀerence of 2π is introduced between the e- and the o-waves.
This phase diﬀerence varies for any other wavelength, meaning that if white light is
used (as is the case here), all the other wavelengths will undergo some retardance
and will accordingly emerge from the waveplate as various forms of ellipticaly
polarised light [64]. Upon reaching the analyser, some particular wavelengths will
be blocked while others will be transmitted. The end result is a variety of colours
due to colour interference eﬀects.
Polymer spherulites, studied at the polarised microscope, present a so called mal-
tese cross pattern, as shown in Figure 2.2 [16].
Figure 2.2: Optical image of spherulites in PE taken at 114◦ C; scale bar 10µ
m; from [16].Chapter 2 Methods and Analysis 25
2.2.2 Etching
The method used in this study to prepare samples prior to electron microscopy is
that of permanganaic etching [65]. In this, specimens are immersed and agitated
in a solution containing potassium permanganate, sulphuric acid, orthophosphoric
acid and water. After 2 h the low crystallinity and amorphous parts have been
preferentially removed from the surface, revealing the high crystallinity ones. The
mixture used in this study consisted of a 1 % solution of potassium permanganate,
in ﬁve parts concentrated sulphuric acid, two parts orthophosphoric acid to one
part distilled water (5:2:1) [66, 67]. The reaction was terminated by the addition
of a chilled mixture of two parts concentrated sulphuric acid to seven parts water,
with the addition of hydrogen peroxide. The sample was then washed several
times with distilled water and twice in methanol to remove etching residues.
2.2.3 Scanning Electron Microscope
The optical microscope was routinely used to observe the morphology of materials,
but due to its relatively low resolution, further studies with a scanning election
microscope were necessary. For these, a Cambridge Instrument S360 scanning
electron microscope (SEM) and a FEI Quanta FEG 600 Environmental Scanning
Electron Microscope (ESEM), housed at the University of Reading, were used. The
wavelength of an electron is smaller than that of visible-light, so that it enables
a higher resolution to be achieved [68]. The wavelength of accelerated electrons
follows the formula (2.1):
λ =
h
p
(2.1)
where h is Plank’s constant and p is the momentum of the electron. An electron
with charge e, subjected to a voltage V follows the formula (2.2):Chapter 2 Methods and Analysis 26
eV =
p2
2
(2.2)
and substituting the Equation 2.2 into Equation (2.1) the following Equation (2.3)
results:
λ =
r
h2
2meV
(2.3)
The resolution (d) of an SEM is a function of the short wavelength of the electrons:
d =
s￿
0.61λ
α
￿2
+ (Csα3)
2 (2.4)
where α is half the angular aperture and Cs is the spherical aberration coeﬃcient.
At an operation voltage of 20 kV the resolution of an SEM can reached 0.5 nm
[8, 62, 69].
The electrons for the SEM can be produced by a heated tungsten ﬁlament, a so-
called thermionic electron gun, or by a ﬁeld emission gun (FEG). The electron
beam scans the sample surface and the re-emitted electrons are collected by a
detector. When electrons hit the coated surface of the samples, they generate
secondary and backscattered electrons [70, 71]. Both emitted electrons can be
used to acquire images. At this point the detector signal is ampliﬁed and converted
to an image on the screen. X-ray radiation is also produced and, if the SEM is
furnished with an X-ray microanalyser, material composition can be examined.
In this study, samples were ﬁrst examined at a low magnitude to give an overview
of the sample, and the stigmators were adjusted using a circular feature on the
sample if necessary. The magniﬁcation was then increased to focus on a particular
area of interest. All images were acquired using an accelerating voltage close toChapter 2 Methods and Analysis 27
18 kV for the SEM S360 and 20 kV for the ESEM.
The previously etched samples were mounted onto an SEM holder. All specimens
were coated with a layer of gold to provide the sample with a degree of elec-
trical conductivity (charge dissipation) and to improve image quality (minimise
secondary electron escape depths). A sputter coater was used and the coating,
according to the instruction manual, was around 70-100 nm thick. The thickness
of the gold coating is important, for two main reasons: the ﬁrst because an excess
of gold coating would conceal microstructural details, and the second, because the
coating becomes more brittle and could easily crack during the examination.
2.3 Diﬀerential Scanning Calorimetry (DSC)
DSC is a technique used for measuring the enthalpy variations in a sample, as a
function of time, when the experiment is conducted under isothermal conditions,
or as function of temperature, if a temperature ramp is used [9, 29, 50]. A Perkin-
Elmer DSC-7 was used for this study. The instrument consists of two sample
furnaces; one contains the studied material and the other a reference sample, the
latter normally being an empty aluminium can. The cans were previously weighed,
and cans of similar mass were used. The sample holders are connected to two
diﬀerent and independent heating systems [72]; one applies a ramped or constant
temperature selected by the user, while the other ensures that both sample and
reference are at the same temperature. The power to maintain this thermal balance
is equal to the instantaneous heat ﬂux, and it is recorded by a computer. In order
to obtain accurate results, the instrument was calibrated prior to each batch of
experiments. Calibration was performed using high purity indium that has a
known melting temperature of 156.6 ◦C, which allowed for proper temperature
calibration. For accurate calibration, the eﬀect of ramp rate has to be taken into
account. An ideal instrument would keep a zero temperature diﬀerence betweenChapter 2 Methods and Analysis 28
the sample and reference temperatures at all times. For isothermal calibration,
it was necessary to record the melting point of indium at 1.25 ◦C/min, 5 ◦C/min
and 10 ◦C/min before extrapolating to zero ramp rate as shown in Figure 2.3.
Melting traces, instead, required a 10 ◦C/min oﬀset to be used.
Figure 2.3: High purity indium calibration at diﬀerent ramp rate.
All scans were performed under a nitrogen atmosphere to ensure that any volatiles
evolved from the sample during the experiments did not accumulate in the furnace.
The nitrogen atmosphere also helps to prevent sample decomposition, which could
lead to aberrations in the data collected. In this way, crystallisation and melting
phenomena in semi-crystalline polymers, like PE, can be studied [8, 16, 64]. In
particular, isothermal runs were performed and the data were then analysed.
2.4 Avrami Analysis
All DSC isothermal crystallisation curves were integrated as a function of time
using a Simpson’s Rule approach. This makes it possible to analyse the kinetics
of crystallisation using Avrami analysis [8, 24, 25, 26], whereby:Chapter 2 Methods and Analysis 29
1 −
Vc
Vinf
= exp(−Kexp (t − t0)
n) (2.5)
where Vc and Vinf are the instantaneous and ﬁnal crystallinity volume fraction,
n is the Avrami exponent, which depends on the dimensionality and type of the
crystallisation, as described in the previous chapter.
In this work experimental data were plotted on both double log plots and by
non-linear curve ﬁtting. The values of n, Kexp, and t0 were found. In order to
interpret the data correctly, it is important to identify the crystallisation modes
for polymers. In the case of spherulitic crystallisation under athermal conditions
the theoretical value of K3 is [73]:
K3 =
4
3
πNG
3 (2.6)
where N is the nucleation density and G the growth rate. However, in practise,
n is rarely found to be equal to 3. Then, Kowalewski et al. [74], assuming that
the crystal growth is really three-dimensional, suggested that the eﬀective three-
dimensional crystallisation constant K0
3 can be determined from the experimental
value of Kexp:
K
0
3 =
4
3
πNG
3 ∼ = (Kexp)
3
n (2.7)
In this N is the number of nucleation sites per unit volume and G is the growth
rate of the crystallising object. Using the value of G obtained from previous works
[75], the nucleation densities were determined.Chapter 2 Methods and Analysis 30
2.5 Induction Time
Muchova and Lednicky [73, 76] developed a theory that relates induction time, ti,
to the thermodynamics of nucleation at the early stage of heterogeneous crystalli-
sation of polymers, which is based upon secondary nucleation theory (see Chapter
1.1.3). In this, induction time is deﬁned as:
ti = th + ts (2.8)
where
th = A1exp
h
16σb1σab∆σ (T 0
m)
2i
￿
kT (∆Hm∆T)
2￿ exp(∆Gη/kT) (2.9)
and
ts = A2
￿
2∆σT
0
m/∆Hm∆Tb0 − 1
￿
exp
[4σb1σabb0T 0
m]
[kT∆Hm∆T]
exp(∆Gη/kT) (2.10)
th is the time for the formation of the ﬁrst layer on a ﬁller surface and ts is the time
for the formation of further layers untill the growth of a stable nucleus is completed
[73]. A1 and A2 are proportionality constants, σb1 and σab are the Gibbs speciﬁc
surface energies of the nucleus, ∆σ is the diﬀerence energy paramenter, T 0
m is the
equilibrium melting temperature, ∆Hm the enthalpy of crystal melting, ∆T is
the undecooling, b0 is the thickness of one layer of folding chains, and ∆Gη is the
activation energy of diﬀusion. When crystallisation occurs rapidly, the uncertainty
in ti is likely to be signiﬁcant [50]. At higher crystallisation temperature the time
taken to form of the ﬁrst layer (th) can be neglected in relation to the time taken
for the remaining layers to be formed. Therefore Muchova and Lednicky argued
that Equation 2.8 is approximately equal to ts and consequently be written inChapter 2 Methods and Analysis 31
logarithmic form as:
ln(ti∆T) = ln
￿
C∆σT
0
m/∆Hm∆Tb0
￿
+
[4σb1σabb0T 0
m]
[kT∆Hm∆T]
[∆Gη/kT] (2.11)
Thus Equation 2.11 can be simpliﬁed and expressed as ln(ti∆T) − f (1/T∆T),
where K represents the slope and Q the intercept:
K =
￿
4σb1σabb0T
0
m/kT∆Hm
￿
(2.12)
Q = ln
￿
C∆σT
0
m/∆Hm∆Tb0
￿
(2.13)
The values of K and Q can therefore be determined easly from experimental data.
The values of induction time can be determined by ﬁtting the Avrami equation
to experimental data [77]. Plots of induction time against temperature can be
obtained and changes in the nucleation process may consequently be observed. The
equilibrium melting temperature T 0
m is normally used as a parameter in induction
time plots and it is derived from Hofmann and Weeks analysis [78]. According to
this method, the melting temperature Tm is obtained from the following equation:
Tm =
￿
1 −
1
λ
￿
T
0
m +
Tc
λ
(2.14)
where λ is the ratio of the crystal thickness to the thickness of the initial nucleus
[79]. Tm is plotted against Tc (crystallisation temperature) and together with the
line representing Tm = Tc on the same graph. T 0
m is then given by the intercept of
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2.6 X-Ray Scattering
X-ray diﬀraction was performed on samples loaded with clay in order to obtain
information about the state of the ﬁller within the matrix. Diﬀerent types of X-ray
techniques can be used. Wide angle X-ray scattering (WAXS) is able to detect
chain segment on a scale of 1 to 10 ˚ A. Conversely, small angle X-ray scattering
(SAXS) can determine lamellar spacing of the order of 100 ˚ A in size. In this work
only WAXS was used.
In this work a sealed tube source was used at the university of Trieste. The X-ray
tube contains a hot ﬁlament, cathode, and a copper target, anode. An electric
ﬁeld accelerates electrons from the cathode, which hit the anode such that X-rays
are produced by excited electrons in the metal target. A graphite monochromator
is used to select the CuKα line at a wavelength of 0.154 nm.
2.6.1 X-Ray Scattering Theory
X-rays are electromagnetic radiation with typical energies in the range of 1 keV
- 100 keV [80]. Because the wavelength of these X-rays is comparable to the
size of atoms, they are ideally suited for probing the structural arrangement of
atoms and molecules in a wide range of materials [80]. From the X-ray source,
an incident beam enters a polymer sample of deﬁned thickness, X-rays will be
scattered by electrons around each atomic nucleus, and the intensity of scattering
depends on the number of atoms. Figure 2.4 shows a schematic representation of
X-ray diﬀraction:
where X-rays scattered at A will travel a shorter distance than the X-ray scatter
at B, therefore the path diﬀerence is equal to:
(AB + BC) − AC
0 (2.15)Chapter 2 Methods and Analysis 33
Figure 2.4: Schematic X-ray diﬀraction pattern.
If this path diﬀerence is equal to any integer value of the wavelength then the
two separate waves will arrive at a point with the same phase, and hence undergo
constructive interference:
nλ = (AB + BC) − (AC
0) (2.16)
therefore the path diﬀerence is equal to an integral number of wavelengths λ, which
leads to the Bragg equation:
2dsinθ = nλ (2.17)
Thus, the interplanar spacing can be written as:
d = 2π/Q (2.18)
where scattering vector Q is equal to:
Q = 2π/d (2.19)Chapter 2 Methods and Analysis 34
2.6.2 Wide Angle X-Ray Scattering
Wide angle X-ray scattering (WAXS), is a non-destructive technique that is often
used to determine the crystalline structure of polymers [6]. This technique specif-
ically refers to the analysis of Bragg peaks scattered to wide angles, which are, by
Bragg’s law, caused by sub-nanometer sized structures. According to this method,
the sample can be scanned in a wide angle X-ray goniometer, and the scattering
intensity is plotted as a function of the 2 θ or scattering vector Q. A crystalline
solid consists of regularly spaced atoms that can be described by crystal planes
introduced above; the distance between these planes is called the d-spacing. The
intensity of the d-space pattern is directly proportional to the electron densities
that are found in the appropriate crystal planes. Every crystalline solid will have
a unique pattern of d-spacings.
X-ray patterns were recorded in the range of 1.4-7 nm −1. The X-ray tube was
running at 40 kV and 30 mA. Steps were in increments of 0.02◦, and counts were
collected for 1 s at each step.
2.7 Electrical Testing
Specimens for electrical testing were prepared with a Grasby-Specac hydraulic
press to produce ﬁlm samples of known thickness. In the case of breakdown tests,
the thickness was ∼ 70 µm, while for the space charge tests, the sample thickness
was ∼ 200 µm. Samples prepared as described in section 2.1, were placed between
two aluminium foils and pressed between the two parallel plates. Each sample was
melted at a desired melting temperature for a period of 2 min to erase the previous
thermal history. Subsequently, some samples were immersed in an oil bath at a
temperature of 117 ◦C for a period of 20 min, to allow complete crystallisation of
the blend. Other sample were directly quenched into distilled water from the melt.Chapter 2 Methods and Analysis 35
To avoid any damage of the sample surface, the aluminium foils were dissolved in
a hydrochloric acid solution 10 % HCl in H2O and subsequently washed in distilled
water and then in acetone. Finally, all the samples were degassed in a vacuum
oven overnight.
Crystallised samples of PE/EVA blends for breakdown testing were prepared as
described above. However, since it was thought that the hydrophilic nature of the
VA compound may oﬀset the behaviour of these systems, a further investigation
of the eﬀect of the absorbed water was also undertaken. For this, a batch of disks
was immersed in distilled water for 50 h at room temperature before being tested
in the breakdown rig.
2.7.1 Breakdown Testing
Samples 70 µm in thickness were placed between two steel ball bearing electrodes
(6.3 mm diamater) immersed in Dow-Corning 200/20cs silicon oil, to avoid partial
discharge due to the presence of air, and a 50 g load was applied to the upper elec-
trode. The choice of ball bearing was determined to reduce the problem of ﬂashover
at the edges of the sample [81] and secondly, because this electrode geometry has
been widely used in the past by Hosier and Greenway [9, 29]. Moreover, the ball
bearings were substituted every 5 tests in order to avoid pitting on the electrods
[9]. Alternating current (AC) voltage ramps of 50 Vs−1 at 50 Hz were applied and
the time to failure were measured. A schematic diagram of the instrumention is
given in Figure 2.5.
A warm up time of 1 h was used before performing a calibration of the instrument.
To calibrate the ramp rate, a thick sample of PE was place between the electrodes
and the voltage was increased to 25 kV and a series of times were collected cor-
responding to diﬀerent voltages, until the desired ramp rate was achieved. After
calibration, voltage ramps of 50 Vs−1 rate were applied to a disc sample until aChapter 2 Methods and Analysis 36
Figure 2.5: Schematic diagram of breakdown test instrument.
breakdown current was recorded. Five tests were performed on each sample and
the oil was changed for each batch of samples tested. Each sample was tested
with new ball bearings in order to avoid the possibility of damage to the elec-
trode surface created by discharges inﬂuencing the measured data. The voltages
obtained were divided by the average disk thickness to produce a value of break-
down strength. 20 breakdown tests were performed on each material type.
2.7.2 Breakdown Analysis: the Weibull Distribution
Breakdown tests have been analysed in the past using a number of diﬀerent sta-
tistical distributions [82]. Dissado and Fothergill [83] have described the use of
the Weibull distribution and it is now accepted as the standard by the Institute
of Electrical and Electronics Engineers (IEEE) [84]. Therefore, this probability
distribution has been chosen for the purpose of this thesis.
Weibull introduced the distribution in 1951 [82], as a distribution that is applicable
to a wide variety of situations. In the case of breakdown, the probability of failure,Chapter 2 Methods and Analysis 37
Pf, of a sample before reaching the time or voltage x is deﬁned as:
Pf(x) = 1 − exp
￿
x − xt
α
￿β
,0 ≥ xt ≥ x (2.20)
where α is termed the scale parameter, β the shape parameter and xt deﬁnes the
threshold below which the sample will not fail. If xt = 0 the Weibull distribution
is called a two parameter Weibull. The diﬀerential of Pf(x) with respect to x gives
the probability density equation:
g(x) = βα
−βx
β−1 exp−
￿x
α
￿β
(2.21)
Dividing Equation 2.21 by the probability of survival (1 − Pf) gives the rate of
failure:
h(x) = βα
−βx
β−1 (2.22)
When plotting these three functions for diﬀerent value of β and for α = 1 the
following diagrams are obtained (see Figure 2.8). For values of β less than one
the sample fails as soon as the experiment starts. When β is equal to one, the
distribution becomes exponential and the rate to failure is constant and it is deﬁned
as the ideal case for an insulator. A maximum value of the distribution appears
when the value of β is increased and the peak becomes progressively narrower as
β increases. In this case, the samples fails by a single mechanism as they have a
narrow distribution of lifetimes.
However, although the 2 parameter Weibull distribution is widely used, it is not
the only statistical procedure proposed. Dang at al [85] suggested an exponential
model, while some claimed the beneﬁt of using a three parameter Weibull distri-Chapter 2 Methods and Analysis 38
Figure 2.6: Probability of failure to the extend of β.
Figure 2.7: Probability density equation.
Figure 2.8: Rate of failure. From Greenway [29].Chapter 2 Methods and Analysis 39
bution thanks to a better ﬁt [83, 86]. However, a study by Cacciari at al [87]
showed that the better ﬁt of a three parameter Weibull distribution is due to an
artefact.
In order to ﬁt the two parameter Weibull distribution, several method can be
used. The least squares method takes the logarithm of the cumulative probability
of failure twice ln(−ln(1 − Pf(x))) and generates a straight line and in order to
estimate the Weibull parameters a method of estimating Pf, proposed by Fothergill
[88] is used:
Pf(i,n) =
i − 0.3
n + 0.4
(2.23)
where i is the progressive order of failed specimens of the sample and n the sample
size. However, linear regression would be biased at the extremes of the distribu-
tion and therefore the Maximum Likehood Method (LME) is used to give better
estimates value for α and β. The likehood function is deﬁned as the product of
the probability density function 2.21 at each data point.
L(p) = f(x1 : α,β) × f(x2 : α,β) × ... × f(xn : α,β) (2.24)
Maximising the log(L(p)) and making a substitution, α can be eliminated [83] so
that the equation for a two parameter Weibull distribution is:
1
βLM
=
Pn
i=1 x
β
i lnxi Pn
i=1 β
−
1
n
n X
i=1
lnxi (2.25)
According to Dissado and Fothergill [83] this provides a ﬁrst guess for the β value.
Once β has been found the value of α is then given by:Chapter 2 Methods and Analysis 40
α =
 
1
n
n X
i=1
x
β
i
! 1
β
(2.26)
Even if the maximum likehood method is easy to implement, it does not lead
to good value of β for small n and introduces a bias in α. Ross [89] observed
this phenomenon performing Monte-Carlo simulations to the maximum likehood
method. Several studies have examined bias in the two Weibull parameter, and
have proposed methods to remove this [87, 90].
In this study, Weibull software supplied by ReliaSoftrwas used.
2.7.3 Pulse Electro Acoustic Technique
Space charge is considered to be one of the potential reasons for the electrical
failure of polymeric materials. When a polymer is subjected to a high electric
stress, some charge can be generated and trapped in the bulk of the material.
This modiﬁes the electric ﬁeld, enhancing the local ﬁeld within the material, and
leading to faster degradation and premature breakdown of the insulation.
Consequently, techniques have been developed to study this phenomenon; the
dominant technique is the pulsed electro acoustic (PEA), which was developed by
Takada in 1987 [91]. Figure 2.9 represents schematicly the principle behind the
PEA. The sample is subjected to a high DC voltage, such that two charge layers
are formed at the surface of the electrodes. When an external high voltage pulse
Vp(t) of amplitude from 0.1 to 2 kV and duration of 5-200 ns is applied between
the electrodes, acoustic pulsed pressure waves are produced at the charged regions
[92].
In the case of the charge on the electrode A, for example, the pressure wave travels
through the sample into electrode B and then is transmitted to a piezoelectricChapter 2 Methods and Analysis 41
Figure 2.9: Schematic diagram of PEA principle
transducer. This converts the mechanical signal into an electrical one. Then the
signal is ampliﬁed and captured with a digital oscilloscope. The voltage trace
obtained is a measurement of the wave proﬁle as a function of time, which is
proportional to the one dimensional charge density distribution in the sample.
The dc ﬁeld generates surface sheet charges equal in magnitude but opposite in
sign, while the space charge in the bulk induces surface sheet charges of the same
sign but diﬀerent in magnitude. For a thin sample, the electrode charges σ1 and
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σ1 = −σ2 = ε0εrE (2.27)
where ε0 is the permittivity of free space and εr is the relative permittivity of the
material. E is given by the Poisson’s equation for quasi static ﬁeld:
∇E =
ρ(x)
ε0εr
(2.28)
Hence the value of σ1 is equal to the integral of the front peak in charge density
distribution (ρ(x)):
σ1 =
Z z=FrontPeak
z=0
ρ(x)dx (2.29)
Due to the frequency response of the system, the signal results are distorted,
therefore a deconvolution is required. The theory behind the deconvolution is
largely described by Maeno et al. [92].
During this study an automated PEA system equipped with a LAbVIEW pro-
gramme was used to analyse samples. In this system, the specimen of interest is
inserted between the lower and upper electrodes and a pulse voltage is applied to
the sample, in order to generate an acoustic wave. The thickness of the specimen
was set to 200 µm, in order to avoid signal dispersion [93]. Silicone oil was used to
make a good acoustic contact between the sample and the electrodes. Calibration
was carried out at 2 kV with a short period of voltage application time to minimise
the inﬂuence of space charge. Space charge accumulations were conducted at 5 kV
for a period of 1 h at room temperature. After this time, the voltage was removed
and the discharge process was recorded over 1 h. During the charging phase, data
were acquired every 30 s over the ﬁrst 5 min, and then subsequently every 5 min
for the remaining time. For a clearer interpretation of these results, data withChapter 2 Methods and Analysis 43
voltage on and oﬀ were gathered during the charging process. In the discharging
phase data were acquired every 5 minutes. The resulting space charge data were
analyzed using the calibration trace and a deconvolution technique was applied in
order to restore the original signal.Chapter 3
Eﬀect of DBS on Polyethylene
3.1 Introduction
This chapter will focus on the morphology and crystallisation behaviour of polyethy-
lene blends. The eﬀect of changes in the composition will also be described. This
work starts from a brief description of the DBS and its application in diﬀerent
polymer systems, and then proceeds with a description of the experimental pro-
cedures. The investigation takes into consideration a wide rage of compositions
of PE and DBS in order to observe the variation of the nucleation of the polymer
on the ﬁbrils, using diﬀerential scanning calorimetry (DSC), optical microscopy
(OP), scanning electron microscopy (SEM).
3.2 DBS Gellation
Sorbitols are organic compounds possessing un-reacted additive OH groups, which
allow ﬁbrils to form within the melt [45]. The dibenzylidene derivates are obtained
by condensation of benzaldehyde and D-glucitol. DBS dissolves in an organic
liquid at a temperature above the gelation temperature and undercooling leads
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to the formation of a ﬁbrillar network in the solution. The resulting material is
a gel that is deﬁned as follows: a substance is a gel if (1) it has a continuous
structure with macroscopic dimensions that is permanent on the time scale of
analytical experiment and (2) is solid-like in its rheological behaviour [94]. Gels
are classiﬁed into two groups: chemical and physical gels. In the ﬁrst class, the
network is developed through a chemical reaction (normally non-reversible), whilst
the physical gels are thermally and mechanically reversible. Studies on dry DBS
gels estimated a 10 nm diameter of ﬁbrils [95]. The morphological characteristics
of DBS gel networks in diﬀerent solvent/polymer systems have been studied by
Yamasaki et al. and by Watase and Itagaki [95, 96]. These studies highlighted a
helical structure of the ﬁbrils depending on the solvent polarity. A similar study
by Shepard et al. [49] on isotactic polypropylene (iPP) and DBS conﬁrmed a
helical twist of the ﬁbrils with nanoﬁbrils measuring of the order of 10 nm in
diameter; in contrast, other studies claimed the presence of ﬂat sheet-like ﬁbrils,
and furthermore, they reported the presence of some remenants of solid particles
in a solution containing 1 % DBS [46]. However, TEM images taken by Mercurio
and Spontak [97] supported the helical twist and revealed that DBS is electron-
transparent (clear) relatively to a poly(propylene glycol) (PPG) background. Two
possible explanations for this result have been suggested. First, it might be due to
the phenyl rings being stacked together within the nanoﬁbrils, consistent with the
observation of Wilder et al.[98]. Alternatively, the observation might be inﬂuenced
by the technique used to obtain the TEM images. All these results introduce
another subject of ongoing argument: the formation of the nanoﬁbrils.
The formation of a nanoﬁbrillar network occurs upon cooling from the melt. DBS
molecules self assemble creating a gel. Gelation, however, depends on several fac-
tors, such as DBS concentration, temperature and solvent polarity. The process of
formation of the gel is still unclear. Yamasaki and Tsutsumi [95] have underlined
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by Yamasaki et al. [99] has suggested that the 6-hydroxyl group seems to be impor-
tant in the formation of 1,3:2,4 Dibenzylindene-D-Sorbitol (D-DBS) aggregates.
Infrared spectroscopy and molecular modeling calculations of DBS molecules in
organic solvents conﬁrmed the role of hydrogen bonding in the network formation
and consequently gellation [97]. Others claimed that the stabilisation of the net-
work is more likely due to a delicate balance of the symmetric structure of a DBS
molecule, which has a rigid and chiral ten-member ring symmetrically connected
with two benzylidene groups in equatorial positions. In short, Watase et al. [96]
attributed the formation of the network to a π electron overlap of the benzylidene
rings. This is clearly in contrast with what is suggested by Yamasaki [99]. Molec-
ular dynamic simulations provide an insight into the above. Wilder et al. [100]
suggested that both the hydrogen bonding and the π interactions are the cause
of the formation of ﬁbril network, conﬁrming in this way the work of Watase and
Yamasaki. Although many studies have improved our understanding of gelation
and of the ability of DBS to self assemble, the molecular interactions governing
the gelation remain, at present, not fully solved.
The extent to which DBS molecules interact with the solvent and or macromolec-
ular matrix has not been completely addressed. Watase’s work suggested that the
solvent molecules are not assimilated within the ﬁbrillar network and that a phase
separation could occur [96]. Nevertheless, an interaction seems possible. Instead,
Wilder et al. [98] supported the idea of interaction between DBS and matrix.
They considered the combination of DBS with a series of poly(ethylene glycol)
systems diﬀering in their termination. Reportedly, changing the nature of the end
group from polar to non polar has an eﬀect on the DBS. The polarity seems to
have an impact on the gel formation and furthermore the polarity was found to
have an eﬀect on the activation energy of DBS. This result indicates an interac-
tion between the ﬁbrils and the matrix. Similar works supported this hypothesis,
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the ﬁbrils [101]. Moreover, Nogales et al. [102] have suggested that the DBS ﬁbrils
can drive the nucleation process in polyethylene.
Although some questions are still unsolved, DBS has been shown to be able to
create a ﬁbrillar network at low concentrations in various polymer melts, includ-
ing poly(dimethylsiloxane) [45],poly(propylene oxide) [103], poly(propylene glycol)
[97, 104], polycarbonate [105], isotactic polypropylene [41, 106] and a series of small
molecular organic liquids [46, 107].
Martin et al. [41, 50] proved that the presence of a clarifying additive in polypropy-
lene greatly increases the nucleation density, whilst Vaughan and Hosier [38] ob-
served a drastic drop in the nucleation density at a certain crystallisation temper-
atures in a polyethylene system. A similar study has been conducted here, using a
polyethylene blend containing varying quantities of DBS. In this case, much atten-
tion has been devoted to the interaction between the polymer and the nucleating
agent. The choice of polyethylene is based on industry-related reasons, in that
polyethylene is one of the most widely used materials in technological applications
and it can be a model for future studies. This project began with studies using
hot stage, optical microscopy, followed by an investigation by SEM, and ﬁnally by
analysis with the DSC.
3.3 Material and Experimental Procedure
The following materials were used in this work: the high density, linear polyethy-
lene (LPE) Rigidex 160-25 from BP; the low density, branched polyethylene (BPE)
LD100BW from Exxon and the 1,3:2,4-dibenzylidene sorbitol, obtained from Mil-
liken under the trade name of Millad 3095. LPE and BPE were ﬁrst melted, mixed
and extruded to give a blend containing 20 % LPE and 80 % BPE, termed PE. DBS
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hexane; blends of PE containing 0 %, 0.3 %, 1 % and 3 % DBS were prepared. The
above materials were characterized by diﬀerential scanning calorimetry (DSC), us-
ing a Perkin Elmer DSC7 running Pyris software. This instrument was routinely
calibrated using high purity indium. Samples were normally melted at 200 ◦C and
held at this temperature for 5 min in order to erase any previous thermal history.
They were then cooled at a nominal rate of 100 ◦C/min to the desired temperature
and crystallized up to completion. Samples for optical microscopy were prepared
by melting thin layers of the blends between a glass slide and a cover slip on
a hot plate at diﬀerent melting temperatures. Specimens for growth rate data
were crystallised at the desired temperatures in a Mettler FP82HT hot stage and
the morphology evolution was recorded via a video camera. Isothermal growth
rate data were obtained from PE 0% DBS in a temperature range between 113-
122 ◦C. Samples for optical examination between crossed polars were prepared on
the hot stage and quenched or crystallised at diﬀerent temperatures, and images
were recorded using a Leitz optical microscope equipped with a digital camera.
Microstructures were examined with a Cambridge S360 SEM and a FEI Quanta
FEG 600 Environmental Scanning Electron Microscope (ESEM). Specimens were
prepared using an RMC CR21/MT7 cryo-ultramicrotome and then etched using
1 % w/v solution of potassium permanganate in an acid mix containing ﬁve parts
of concentrated sulphuric acid, two parts of orthophosphoric acid and one part
of water. Etching and sample recovery were performed according to standard
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3.4 Result and Discussion
3.4.1 Morphology: Macroscopic Optical Properties
As described in chapter 2, all the blends were heated up to 200 ◦C in the hot stage
and then crystallised isothermally. The temperature range taken into consideration
was between 112 ◦C and 125 ◦C. At ﬁrst the polyethylene blend without DBS was
examined. Figure 3.1 shows samples of PE crystallised isothermally at 114 ◦C
and 116 ◦C. The microstructures are typical of polyethylene, and agree with other
studies [16, 29]; ﬁgure 3.1(b) shows a typical banded spherulitic morphology that
is space ﬁlling. Spherulites were present on the surface and some quenched eﬀects
were observed. Therefore this result provides a reference point from which to judge
the morphological eﬀect of the clariﬁer.
(a) spherulitic texture with maltese eﬀect,
crystallised at 114 ◦C.
(b) space ﬁlling spherulitic texture, crys-
tallised at 116 ◦C.
Figure 3.1: Transmission optical micrograph (crossed polar) showing typical
spherulitic morphology that develops in polyethylene blend in the absence of
DBS. Sample melted at 200 ◦C before being isothermally crystallised
Figure 3.2 shows a series of polarised light micrographs obtained from PE blends
containing two diﬀerent concentrations of DBS: 1 % ( Figure 3.2 a, b, c) and 3 %
( Figure 3.2 d, e, f). Images have been taken over a broad range of crystallisation
temperatures, but only three of these are included here for illustration. Figure
3.2(a) highlights the classical spherulitic features of the organogel and not of the
polyethylene, as reported by other works [97, 98, 108]. Figure 3.2(d) shows aChapter 3 Eﬀect of DBS on Polyethylene 50
similar ﬁne scale pattern as Figure 3.2(a) but now there is no evidence of DBS
spherulites. One of the reasons for this result could be the high concentration
of ﬁbrils, which does not allow the formation of spherulites. However, applying
a slightly defocus, macroﬁbrils were detectable in both samples. They appear as
opaques ﬁbrils without a predominant direction. This result has suggested the
presence of a 3-D network within the polyethylene with ribbon-like and ordered
macroﬁbrils; nanoﬁbrils were not detectable due to the technique used. All the
samples were melted again at 200 ◦C and subsequently re-crystallised at the pre-
vious temperature. In this case, it was possible to detect again the appearance of
birefringent microstructures and the presence of ﬁbrils. Thus, the organogel was
veriﬁed to be thermally reversible, as expected.
(a) 1 % DBS TC = 113◦C (b) 1 % DBS TC = 117◦C (c) 1 % DBS TC = 121◦C
(d) 3 % DBS TC = 113◦C (e) 3 % DBS TC = 117◦C (f) 3 % DBS TC = 121◦C
Figure 3.2: Transmission optical micrograph (crossed polar) showing morphol-
ogy that develops in polyethylene blends containing 1 % and 3 % DBS. Sample
melted at 200 ◦C before being isothermally crystallised; scale bar 20 µm.
Furthermore, during the cooling from the melt it was possible to notice the ap-
pearance of discrete macroﬁbrils in a temperature range between 150-180 ◦C in the
sample with 1-3 % DBS. This suggested the formation of a network already in the
melt, as proposed in rheology and birefringence intensity works by Yamasaki and
Tsutumi [95] and Wiler et al. [98]. In contrast, samples containing 0.3 % DBSChapter 3 Eﬀect of DBS on Polyethylene 51
did not show any birefringence in the polymer melt or evidence of macroﬁbrils
in the crystallised samples. This result could be attributed to either the forma-
tion of nanoﬁbrils that does not aﬀect the crystallisation of the polymer as stated
from Kristiansen et al. [106], or just to the intrinsic limitations of the observation
method used. However, these preliminary results require further analysis in order
to elucidate the interaction between PE and DBS.
3.4.2 Scanning Electron Microscopy (SEM)
In order to elucidate the activity of the nuclei at high crystallisation tempera-
tures, an investigation of the detailed microstructure has been conducted at SEM.
All the samples were prepared following the procedure described in section 2.2.3.
Figure 3.3 shows the morphology of a sample without DBS at two diﬀerent crys-
tallisation temperatures. Figure 3.3(a) shows the typical morphology of the sample
crystallised at 117 ◦C; spherulites, formed from sheaf-like embryos, developed and
expanded up to impingement against other spherulites. The presence of bands
with a period of ∼5 µm are evident throughout the sample, which is in agreement
with the crystallisation temperature [9]. Figure 3.3(b) represents the same mate-
rial crystallised at 122 ◦C. Although the same general behaviour occurs as in the
previous sample, in this case, spherulites are separated by distinct quenched zones
formed mainly by BPE. In some cases, they do not reach the classical form of a
spherulite. On the border some bands are visible and they are associated with
quench halos from the crystallisation temperature. Quench halos correspond to
a low molecular mass LPE fraction, which crystalise onto the isothermal lamellae
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(a) PE crystallised at 117 ◦C: presence of fully developed spherulite; scale bar 10 µm.
(b) PE crystallised at 122 ◦C: presence of spherulite separated by quenched PE; scale bar
10 µm.
Figure 3.3: Crystallisation of PE 0 % DBS at 117 and 122 ◦C.Chapter 3 Eﬀect of DBS on Polyethylene 53
Figure 3.4 shows polyethylene containing 0.3 % DBS after crystallisation at 122 ◦C.
The presence of isolated axialities composed of a densely packed array of isothermal
lamellae is visible. In addition, the quenched matrix includes some features which
are linear in shape (see arrow) and resemble structures reported in the same system
by Vaughan and Hosier [38]. The origin of these features can be related to the
presence of DBS in an unknown form surrounded by crystals composed of low
molar mass LPE. Figure 3.5(a), instead, shows a sample containing 1 % DBS
Figure 3.4: PE 0.3 % DBS crystallised at 122 ◦C.
crystallised at 122 ◦C. The morphology is composed of PE lamellae crystallised
around clear ﬁbrils. The diameter of the ﬁbrils is of the order of 100 nm, which is in
line with previous published data [106, 108]. Polymer lamellae grow perpendicular
to the ﬁbrils in a radial form. The nucleation and subsequent growth of the
polymer on the ﬁbrils have been studied by Nogales et al. [102]. They found a
signiﬁcant anisotropy related to the lamellar texture. They suggested that the
texture developed in this way arises from so-called parent and daughter lamellae.Chapter 3 Eﬀect of DBS on Polyethylene 54
The ﬁrst one grows perpendicular to the ﬁbril, whilst the second one will crystallise
from the parent lamella. Figure 3.5(b) shows a PE containing 3 % DBS crystallised
at 126 ◦C. The micrograph shows the same texture as ﬁgure 3.5(a). However, in
(a) PE/ 1 %DBS crystallised at 122 ◦C: presence of polymer lamel-
lae crystallised perpendicular to the DBS ﬁbrils; scale bar 10 µm
(b) PE/ 3 %DBS crystallised at 126 ◦C: presence of well developed
lamellae perpendicular to the ﬁbrils; scale bar 10 µm
Figure 3.5: Crystallisation of PE 3 % DBS from 200 ◦C at a rate of 100
◦C/min
this case, the ﬁbril diameters are up to 1 µm, which evidences bundle ﬁbrils in this
sample. However, the diamater can be consequence of the etching method used
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have reported, the diameter of the ﬁbrils depends mainly on the DBS concentration
as a result of them bundling together, upon increasing the DBS content [106, 108].
The same specimen containing 3 %DBS was heated to 250 ◦C, signiﬁcantly above
the temperature at which the DBS melts and subsequently crystallised again at
126 ◦C as shown in Figure 3.6. In this case, the micrographs show an additional
form of behaviour involving the formation of large craters after etching. The origin
of these craters could be attributed to a collapse of the DBS ﬁbrils into aggregates
as proposed by Shepard et al. [49].Chapter 3 Eﬀect of DBS on Polyethylene 56
(a) PE/ 3 %DBS melted at 250 ◦C and crystallised at 122 ◦C: pres-
ence of polymer lamellae crystallised perpendicular to the DBS ﬁbrils;
some cavity are visible due to DBS aggregates scale bar 10 µm
(b) PE/ 3 %DBS melted at 250 crystallised at 126 ◦C: presence of
well developed lamellae perpendicular to the ﬁbrils; scale bar 10 µm
Figure 3.6: Crystallisation of PE 3 % DBS from 250 ◦C at a rate of 100
◦C/minChapter 3 Eﬀect of DBS on Polyethylene 57
3.4.3 Diﬀerential Scanning Calorimetry
DSC melting scans from 50 ◦C to 150 ◦C at 10 ◦C/min were performed on isother-
mally crystallised samples of the polyethylene blends without DBS and, subse-
quently, on PE samples containing DBS. Figure 3.7 represents traces for the PE
blends after being isothermally crystallisesd at four diﬀerent temperatures. Two
main melting peaks are observed. A ﬁrst broad peak is detectable at ∼ 108 ◦C
corresponding to BPE, whilst a second, narrow peak is detected at variable tem-
peratures (depending on the crystallisation temperature used). The latter peak
corresponds primarily to the linear polyethylene (LPE) which, at low tempera-
tures, shows appears as a double peak. This split, rather than a double peak,
is associated with co-crystallisation and reorganisation eﬀects involving the linear
material and the more linear fractions of the BPE. This ﬁnding has been conﬁrmed
by the work of Greenway [29] and is also in line with other published data [30, 110].
Moreover, Hosier et al. [111] explained a similar result as co-crystallisation of LPE
with some linear parts of BPE. Increasing the crystallisation temperature, the co-
crystallisation eﬀect disappears and a shift of the LPE peak at higher temperatures
is caused by thickening of the crystal, as previously suggested by Martinez-Salzar
et al. [32].
With the increase of crystallisation temperature, a third peak, marked as C, be-
comes apparent below the crystallisation temperature and therefore must be at-
tributed to quenched material. Consequently, the origin of this peak can be related
to the LPE that crystallises onto lamellae during quenching, to form the quench
halos observed in Figure 3.3(b).Chapter 3 Eﬀect of DBS on Polyethylene 58
Figure 3.7: DSC melting curves for crystallised PE 0 % DBS.
Figure 3.8 shows melting traces for the system containing 0.3 % DBS. In this case,
an additional well developed feature is present already at 118 ◦C and it develops
progressively at higher Tc’s. This third peak can have two possible causes. First,
it could be due to the presence of some low molar mass PE fraction that does not
normally crystallise at such temperatures, as explained above. Alternatively, the
cause might be the DBS network dissolving at this temperatures, but this con-
clusion would disagree with most of the published works [49, 102]. Vaughan and
Hosier [38] examined the morphological behaviour of a polyethylene system con-Chapter 3 Eﬀect of DBS on Polyethylene 59
Figure 3.8: DSC melting curves for crystallised PE 0.3 % DBS.
taining 0.3 % DBS and suggested that low molar mass linear polyethylene fractions
crystallise upon ﬁbrils of DBS during quenching. A similar eﬀect was observed by
Martin et al. [41] in a propylene/ethylene co-polymer, where a progressive change
in the crystallisation process was reported to occur with increasing Tc leading to
similar suggestion. Figure 3.9 presents melting traces of blends containing 3 %
DBS (similar results were found for 1 % DBS). The LPE and BPE peaks are
again present in all the traces, in addition a third intermediate peak develops as
a function of the crystallisation temperature. Again, the this ﬁnal peak can beChapter 3 Eﬀect of DBS on Polyethylene 60
Figure 3.9: DSC melting curves for crystallised PE 3 % DBS.
associated with the crystallisation of polyethylene upon DBS during quenching.
A further quantitative analysis was performed on the melting enthalpies, ∆Hm,
of the LPE peak and the intermediate peak (marked as C) from all the blend
examined here. Therefore, plotting the ∆Hm of the LPE peak against the crys-
tallisation temperature a monotonic decrease can be observed, as shown in Figure
3.10. However, when similarly plotting the enthalpy of the quenched intermediate
peak, shown in Figure 3.11, a few observations can be made. First, there is no
presence of the peak at temperatures below ∼118 ◦C. Second, whilst the increase
of the co-crystallisation peak is relative low for 0 % DBS, a rapid increase canChapter 3 Eﬀect of DBS on Polyethylene 61
Figure 3.10: ∆Hm of LPE peak (L) plotted against the crystallisation tem-
perature.
Figure 3.11: ∆Hm of quenched intermediate peak (C) plotted against the
crystallisation temperature.Chapter 3 Eﬀect of DBS on Polyethylene 62
observed in the presence of DBS. Thus, this ﬁnding supports the idea that part
of the LPE that normally does not crystallise at the increase of crystallisation
temperature, is able to crystallise upon the presence of DBS ﬁbrils.
In a further study the temperature of the peak corresponding to LPE has been
plotted against the crystallisation temperature for all the specimens. The data
have been analysed with a standard Hoﬀman-Weeks theory extrapolating T 0
m at
Tm = Tc. Figure 3.12 represents the scatter data from all the four blends. If a
linear ﬁt were applied to the entire set of data, an estimated T 0
m of 133.5±2 ◦C
would be extrapolated. However, this value is unrealistically low compared to most
published data [10, 16, 19]. This low melting point could be originated from co-
crystallisation and reorganisation eﬀects, which aﬀect the observed melting point
at lower crystallisation temperatures, as described above. Subsequently, the data
lower than 118.5 ◦C can be related to the co-crystallisation eﬀect, as shown from
the melting traces, and therefore were treated separately from the other data .
The extrapolated values of T 0
m for the data above 118.5 ◦C is found to be 137.8±5
◦C, whilst the value for the co-crystallisation aﬀected data is 127.9±1 ◦C, as shown
in Figure 3.12. The uncertainties correspond to the 90 % conﬁdence limits and
clearly indicates two separate melting processes. Moreover, Marco et al. [112]
reported that T 0
m of a iPP/DBS system can be considered identical to that of iPP
alone since the nucleating agent did not extent any detectable inﬂuence in the
slope of the linear ﬁtting process. Although the best ﬁt melting point is still lower
than the commonly accept theoretical melting point of 142.2 ◦C [10], agreement
exists within experimental errors. In order to test if the method used could be
responsible for the lowered melting point, the data were also analysed by applying
directly the Hoﬀman Weeks equation, as explained in section 2.5:
Tm =
￿
1 −
1
λ
￿
T
0
m +
Tc
λ
= T
0
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Figure 3.12: Plot of Tm (highest-temperature melting peak L) against Tc for
all the systems. Scatter data show a change in the slope at around 118.5 ◦C
due to co-crystallisation eﬀect.
This equation can also be written as:
Tm − Tc = (1 −
1
λ
)T
0
m +
Tc
λ
− Tc (3.2)
hence:
Tm − Tc = (m − 1)Tc + C (3.3)
where m is equal to 1
λ and C is a constant. Figure 3.13 represents the linear ﬁtting
of the above equation and the value of T 0
m is equal to 138.6±6 ◦C, just 1◦C higherChapter 3 Eﬀect of DBS on Polyethylene 64
Figure 3.13: Plot of Tm −Tc against Tc for all the systems. The extrapolated
value for T0
m is equal to 138.64 ◦C.
than the previous one, therefore it can be concluded that both methods reaches
the same conclusion. Nevertheless, Marand [113] examined the melting point for
polyethylene by using a linear and a non linear extrapolation and suggested that
the HW approach leads to an underestimation of the equilibrium temperature,
which would explain the lower melting point found here. For these reasons, the
commonly accepted T 0
m, equal to 142.2 ◦C, was used throughout this work [10].Chapter 3 Eﬀect of DBS on Polyethylene 65
3.5 Eﬀect of DBS on isothermal crystallisation
Results obtained from DSC isothermal crystallisation experiments were analysed
according to Avrami theory [24, 25, 26] and its later revision [74], by applying the
following equation:
1 −
Vc
Vinf
= exp(−Kexp (t − t0)
n) (3.4)
From this equation, the values of n, Kexp and t0 were found. Figure 3.14(a)
represents the Avrami data on a double log plot for the pure PE system. The
crystallisation process is well described by the formula above. However, in the
clariﬁed systems, the gradient of the plots changes at about 50 % of the maximum
crystallinity. The behaviour is often interpreted as being due to a change in the
nature of the crystallisation process, possibly due to impingement of spherulites.
However, in this case, it could be the consequence of a larger number of nucleation
sites, as previously reported by Martin et al. [41], Zhao et al. [114] and more re-
cently by Vaughan and Hosier [38]. For this reason, data from non linear Avrami
plots up to 50 % crystallinity were ﬁtted using the above formula and representa-
tive examples are shown in Figure 3.15. From this, the Avrami equation ﬁts all the
scattered data obtained by DSC at a crystallisation temperature of 121 ◦C. Also,
comparing the unclariﬁed system with the clariﬁed ones, a marked decrease in the
half time can be observed in the latter materials and the 1-3 % DBS data overlap.
For example, PE 0% DBS takes 280 s to reach the half time at 121 ◦C, whilst
PE containing 1-3% DBS takes 77 s at the same crystallisation temperature. It
appears clear that such behaviour can be ascribed to the interaction of the ﬁbrils
with the matrix. Moreover, as the DBS content increases a decrease in the induc-
tion time is also observed. Mucha et al. [77] studied a PP system loaded with
carbon black and observed a decrease in the induction time when carbon blackChapter 3 Eﬀect of DBS on Polyethylene 66
(a) Four diﬀerent isothermal non linear avrami for PE 0% DBS.
(b) Four diﬀerent isothermal non linear avrami for PE 3% DBS.
Figure 3.14: Linear Avrami best ﬁt lines to typical crystallisation data ob-
tained from: a) PE 0 % DBS; b) PE 3 % DBS.Chapter 3 Eﬀect of DBS on Polyethylene 67
Figure 3.15: Non linear Avrami best lines to typical crystallisation data ob-
tained at 121 ◦C.
was added. They suggested that the carbon black reduces the surface energy σe
and the nucleus size of the polymer crystal (decreasing the induction time), which
is in agreement with the concept of a nucleating agent. Tables 3.1 and 3.2 list the
parameters derived from two selected PE:DBS systems ﬁtting Equation 1.10 to the
data. The value of n in both cases varies monotonically, in agreement with previ-
ous studies [41, 115]. According to Morgan, 3-dimensional growth is dominant in
the case of 0 % DBS and perhaps a 2-dimensional growth for 1% DBS. However,
according to Kowalewski and Galeski [74], the value of non-integer values of n
are associated with factors such as the nucleation mode, secondary crystallisation.Chapter 3 Eﬀect of DBS on Polyethylene 68
Furthermore the estimation of n can be aﬀected by the erroneous determination
of the ”zero” time (t0), therefore n can have a considerable impact on Kexp.
Table 3.1: Avrami parameters derived from PE 0 % DBS using the nonlinear
ﬁtting technique
TC n Kexp K0
3
114 3.01 4.16e-6 2.24e-6
115 2.77 5.86e-6 4.42e-6
116 2.56 6.86e-6 9.28e-7
117 2.48 3.63e-6 2.72e-7
118 2.25 5.11e-6 9.19e-8
119 2.31 1.00e-6 1.73e-8
120 2.13 7.47e-7 2.39e-9
121 2.16 2.23e-7 6.33e-10
122 1.91 2.81e-7 5.39e-11
Table 3.2: Avrami parameters derived from PE 1 % DBS using the nonlinear
ﬁtting technique
TC n Kexp K0
3
121 2.63 5.25e-5 1.34e-5
122 2.411 4.43e-5 3.81e-6
123 2.41 2.08e-5 7.40e-7
124 2.237 3.81e-6 5.41e-8
125 2.222 4.12e-7 2.39e-9
126 2.23 1.70e-8 3.65e-9
In addition to experimentally derived parameters, Table 3.1 and 3.2 also contain
values of K0
3 as obtained from the theoretical assumption that the crystallisation
process occurs at constant dimensionality (i.e. n = 3) and that it is characterised
by instantaneous nucleation [74]. From this, the number of the eﬀective nuclei,
N, can be estimated. Figure 3.16 contains the value of K0
3 plotted as a function
of crystallisation temperature for all the diﬀerent concentrations of DBS. From
Figure 3.16, a monotonic decrease in the K0
3 parameters is observed with increasing
temperature. As the DBS content increases, K0
3 values also increase. Moreover,
K0
3 can depend only on two factors, the nucleation N and the growth rate G. If
we consider that the growth rate is the same for all the systems, there must be
a change in nucleation density, which would be higher in the presence of DBS.Chapter 3 Eﬀect of DBS on Polyethylene 69
Figure 3.16: Variation of K3 vs isothermal crystallisation for: PE (•); PE 0.3
% DBS (￿); PE 1 % DBS (◦) ; PE 3 % DBS (H).
All the scatter data in Figure 3.16 follow a curve, but for simplicity, straight
lines are ﬁtted to the data. From this, 0 % and 0.3 % DBS change the slope at
around 118 ◦C and then the lines converge, having similar K0
3 values, at around
122 ◦C. For, 1-3 % DBS a change in the slope occurs around 122 ◦C, followed by
an abrupt decrease in K0
3 values. This result leads to a series of considerations. A
possible explanation could be that the 0.3 % DBS acts as an intermediate case,
whereas the eﬀect of the clarifying system becomes irrelevant at the increase of
crystallisation temperature. This ﬁnding would mean that the 0.3 % DBS does
not act as eﬀective nucleating agent at high crystallisation temperatures. If suchChapter 3 Eﬀect of DBS on Polyethylene 70
phenomenon is true, this could be related to the template mechanism suggested
by other authors [38, 102, 116]. Similar conclusion could be reached for the 1-
3% DBS, but the template mechanism is delayed due to presence of bundles of
DBS which are still able to act as nucleation site, as seen from the micrographs.
Otherwise it could be the consequence of a change in the microstructure but we
will come back on this point later.
If the above data are processed further to give absolute nucleation density values,
this parameter can be seen to drop progressively as TC increases, whilst in the
presence of 0.3 % DBS the nucleation density remains constant up to 118 ◦C at
∼ 5x1010 cm−3 and then falls abruptly, as shown in Figure 3.17. Regarding the
nucleation density of 1-3 % DBS, it is constant up to 124 ◦C at ∼ 3x1012cm−3
and subsequently it falls dramatically, like the 0.3 % system. This ﬁnding is in
agreement with Vaughan and Hosier results on a similar system [38], where the
nucleation eﬃciency was found to be temperature dependent. Nonetheless, these
results are signiﬁcant in several respects. First, the addition of 0.3 % DBS has
increased the nucleation density by 3 orders of magnitude conﬁrming the high nu-
cleating eﬃciency of DBS for polyethylene. Second, a saturation occurs for DBS
content more than 1 % DBS, which is in line with other works. Wilder et al. [98],
from rheology studies on PPG/DBS, found a network saturation at 1.5 % DBS.
According to their work, the increase of DBS is accompanied by a saturation due
to thicker bundles of ﬁbrils. This is in agreement with Fahal¨ ander et al. [103] on
PEG/DBS. Thierry et al. demonstrated a PE/DBS epitaxial relationship, which
could provide a nucleation mechanism for PE on the ﬁbrils. However, Mitchell and
co-workers have studied the crystallisation of diﬀerent polymers in the presence
of DBS by WAXS and SAXS and have suggested that neither chemical interac-
tions nor precise lattice dimensions are the real reason of the polymer nucleating
on DBS [102, 116]. They have suggested that the nucleation occurs through a
graphoepitaxy type mechanism [116].Chapter 3 Eﬀect of DBS on Polyethylene 71
Figure 3.17: Calculated nucleation densities with respect to the Tc in case of
k3 for PE 0 % DBS, PE 0.3 % DBS, PE 1 % DBS and PE 3 % DBS.
In contrast to the present result, nucleation density of a propylene/ethylene co-
polymer clariﬁed with DBS increased by 3 orders of magnitude with respect to
the unclariﬁed polymer and there was no evidence of a dramatic fall in eﬃciency
with increasing Tc. Martin et al. [41] proposed that DBS forms nucleation centres
that are of larger dimensions than the critical-growth nuclei at all the temper-
ature studied. However, in the case reported here, the nucleation densities fall
for all clariﬁer concentrations at diﬀerent temperatures. This phenomenon could
be attributed to several eﬀects. The ﬁrst explanation could be the formation of
thicker PE lamellae at higher crystallisation temperatures, which would not inter-
act with smaller DBS ﬁbrils. This is in agreement with the work of Wilder et al.Chapter 3 Eﬀect of DBS on Polyethylene 72
[98]. Again, the graphoepitaxy mechanism proposed by Mitchell and co-workers
would not be eﬃcient at high crystallisation temperature. Vaughan and Hosier
[38] have recently studied a similar system to the one investigated here and they
have suggested that the drop in the nucleation density is caused by increase of
critical nucleus of the polyethylene such that the DBS ﬁbril is not able to act as
nucleation site. Gresco and Philips also suggested that the nucleation ability does
not depend only on lattice matching and local interactions but also on available
dimensions; this phenomenon was termed the template mechanism [117]. A second
explanation could derived by the work of Kristiansen et al. [106]. They proposed a
monotectic phase diagram of a binary system iPP-DBS. From this, they suggested
that the DBS can phase-separate upon cooling, though the microstructure seen on
0.3 % DBS by SEM did not show this eﬀect and therefore this hypothesis appears
unlikely. A third possible explanation could be inappropriate data analysis.
From kinetic data, n assumed values of ∼2 and following Morgan’s work [27] we
could be in a case of laminar spherulitic (athermal) case. According to Morgan
[27], nucleation can be considered to occur at a random point P at time t = 0
followed by the development of concentric shells of thickness dr. The shell can be
integrated between r = 0 and r = vt, where v is the constant radial velocity of
growth. Therefore, depending on the growth mode (i.e. n = 2) a series of case
were tested as described in chapter 1. In the case of a laminar spherulitic shape in
athermal condition, the thickness of the crystal layer is considered constant and
using the theory of an expanding sphere, Morgan proposed that the new K2 is
equal to −hG2N.
However, in the present work the nucleation occurs on extended ﬁbrils and the
lamellae grow radially outwards as observed from the SEM images. Therefore we
propose a new 2-dimensional growth theory of a cylinder growing radially outwards
from the ﬁbril. The growing cylinder will have an area equal to πr2, where r isChapter 3 Eﬀect of DBS on Polyethylene 73
the radius. Thus, K0
2 is equal to:
K
0
2 = −πG
2N2D ≈ K
2
n
exp (3.5)
G is the linear growth rate and N2D is the nucleation density.
Consequently, the crystallisation data were analysed by considering the 2-D growth
model. As shown from the Equation 3.5, the nucleation density can be found once
known K0
2 and considering the same growth rate G. The result in Figure 3.18 shows
0.3 % and 1-3 % DBS data treated with the new theory. The ﬁtting lines of the
3-dimensional case have also been plotted (grey dashed lines) in order to highlight
potential diﬀerences between the two method. Although the nucleation density
values are dimensionally diﬀerent in the two approaches, it is clear that numerical
oﬀset and temperature dependencies are consistent across all specimens. There-
fore, it must be concluded that changing from a 3-dimensional to a 2-dimensional
growth, does not aﬀect the temperature dependency of the PE/DBS ﬁbrils. How-
ever, the nucleation density could be just the consequence of our assumptions and
to test it further, we also compared the values of nucleation densities derived from
the SEM images. In the case of 0 % DBS at 122 ◦C (Figure 3.3(b)), the morphol-
ogy shows axialities that are several microns in lateral extent. Such micrographs
suggest a nucleation density of about 108 cm−3, in line with the values reported in
Figure 3.17. Comparing the nucleation density from the SEM for the 0.3 % DBS
at the same temperature, the nucleation density falls around 4x109cm−3. From
Figure 3.5(a), the calculated value for N for 1 % DBS system at 122 ◦C is ∼
4x1012cm−3, which again is in line with the analyses proposed above. Therefore
there is no real reason to reject such values and diﬀerent interpretations for the
drop in the nucleation density can be proposed. The ﬁrst can be related to the
graphoepitaxy mechanism where DBS ﬁbrils are unable to act as nucleation site
due to the ﬁbril size and the critical nucleus dimension. Otherwise, the droppingChapter 3 Eﬀect of DBS on Polyethylene 74
Figure 3.18: Calculated nucleation densities with respect to th Tc in case of
k2 for PE 0 % DBS, PE 0.3 % DBS, PE 1 % DBS and PE 3 % DBS.
eﬀect at high crystallisation could occur due to a transition in the crystallisation
regime. Celli et al. [118] studied a PP system and reported a drop in nucleation
density at Tc = 138 ◦C. A transition in the crystallisation regime was observed
at a temperature ∼ 138 ◦C, which has as consequence a drop in the nucleation
density.
To test such hypothesis, a study of the kinetics of crystal growth was undertaken
using the Hoﬀman Lauritzen equation:
G(T) = G0exp[−U
∗/(R(Tc − T∞))]exp[−Kg/(fTc∆T)] (3.6)Chapter 3 Eﬀect of DBS on Polyethylene 75
where G0 is the pre-exponential factor; U∗ is the activation energy to transport a
polymeric segment across the liquid-crystal interface, which is initially assumed to
be as 1500 cal/mol; R is the gas constant and T∞ is the theoretical temperature,
which is assumed to be equal to Tg = -30 ◦C [22]. The term f = 2Tc/(Tc + T 0
m) is
a correction factor which accounts for the temperature dependence of the heat of
crystallisation. Kg controls the crystal growth and is equal to:
KgIII = KgI = 4b0σσeT
0
m/(∆Hmk) (3.7)
KgII = 2b0σσeT
0
m/(∆Hmk) (3.8)
where b0 is the thickness of a single stem on the crystal, σ and σe are the lateral
and the folded surface-free energies and k is the Boltzmann constant.
Figure 3.19 represents a linearised form of equation 3.6, from which there is no
evidence of a regime change, though the scatter in the data could be interpreted
as falling on a slight curve. From this result an apparent change could occur
at v 120 ◦C, which might explain the falls in the nucleation density of PE 0 %
DBS after that temperature. The curvature could alternatively derive from the
co-crystallisation eﬀect seen up to ∼118.5 ◦C. Moreover, we treated U∗ and T∞ as
ﬁtable parameters and the linearity was not improved. From this, it must be sup-
posed that the trend is just the consequence of random experimental uncertainties
and there is not evidence of regime change. Thus, the only reasonable conclusion
that can be drawn from here is the one reached previously, of a reduction in the
DBS fraction able to act as nucleation site for the polymer.Chapter 3 Eﬀect of DBS on Polyethylene 76
Figure 3.19: Variation of spherulite growth rate G, with Tc obtained from
unclariﬁed PE.
3.5.1 Nucleation and Crystallisation of Nucleated Polyethy-
lene Blends
The results so far have shown an enhanced nucleation of PE in the presence of DBS
ﬁbrils. Furthermore, a drastic morphological change as a result of the nucleation
has been observed in the micrographs. In order to elucidate the inﬂuence of the
ﬁbrils on the crystallisation behaviour of the polymer, a study of the induction
time has been performed. Several studies on the nucleation and crystallisation of
polymers on ﬁbers have been reported. Ishida and Bussi [119] observed a tran-Chapter 3 Eﬀect of DBS on Polyethylene 77
scrystalline zone between PE/PE ﬁbers followed by spherulites. Moreover, they
studied the nucleation and growth of the polyethylene by optical microscope and
noticed a high nucleation ability of the ﬁber and associated this with the free
energy diﬀerence between ﬁber and polymer. Recently Ratner et al. [120] inves-
tigated the morphology of the transcrystalline layer by microbeam synchrotron
X-ray diﬀraction. In their work, the X-ray results revealed a gradual twisting of
the lamellae at diﬀerent radial distances from the ﬁber. Furthermore, the X-ray
results supported the idea of an epitaxial mechanism between the ﬁber and the
polyethylene chains. More recently, Okada et al. [121] studied the nucleation of
a polyethylene/nucleating system by SAXS, which suggested that the reduced in
induction time is related to the nucleus dimension. Moreover, they claim that
the polyethylene nucleates in form of 2-dimensional loose fold from which macro
crystals subsequently develop in 3-dimensions. Nogales et al. [102] found that the
epitaxial growth also occurs in sheared clariﬁed PP.
In this study, the induction time has been analysed by applying the theory of
Muchova and Lednick´ y [73, 76]. In the case of heterogeneous nucleation, the
induction time, ti, derives from the sum of the time necessary for the formation of
the ﬁrst layer (th) plus the time period for the formation of other layers (ts):
ti = th + ts (3.9)
The induction time can be determined as a function of the temperature T and from
the work of Ishida and Bussi [119], the induction time is related to the nucleation
rate in the following form:
I(T) ∗ ti(T) = K = Constant (3.10)
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nucleation of a polymer on a substrate is considered. From the Gibbs energy
function, once the size of the nucleus exceeds that corresponding to the value
of the nucleation barrier ( ∆G
dr = 0), it will be stable. From this consideration
Muchova and Lednick´ y added an extra term to the Gibbs energy equation due to
the presence of a foreign substrate, such that:
∆G = abl∆Gv + 2abσab + 2blσbl + al∆σ (3.11)
where ∆Gv is the change in the Gibbs energy of crystallisation of a unit volume,
σab and σbl are the speciﬁc surface energy parameters, and a, b and l are the
dimension of the growing nucleus ( as shown in Figure 3.20). Diﬀerentiating ∆G
Figure 3.20: Growth of a heterogeneous crystallisation nucleus a,b, l nucleus
dimensions, b0 thickness of layer,σab and σbl are the speciﬁc surface energy
parameters, σf is the speciﬁc surface energy of the foreign substrate in the
polymer melt and σfc is the speciﬁc Gibbs energy of the foreign substrate-
crystal interface. From [73]
as a function of a, b and l, the critical nucleus can be found and once substituted
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heterogeneous nucleation can be written as following:
∆G
∗ = 16σabσbl∆σ(T
◦
m)
2/(∆H)
2(∆T)
2 (3.12)
Afterwards, a hypothetical dimension of nucleus is considered for the formation of
the ﬁrst layer with two variable dimensions, a∗ and l∗ and a ﬁxed b0 ( the thickness
of the single layer). Moreover these workers considered the induction time to be
equal to ts in the case of high temperature. From Equation 3.9:
ti = (bh/b0 − 1)exp(∆Gs + ∆Gη) (3.13)
where ∆Gs is the change in the Gibbs energy of the critical secondary nucleus and
∆Gη is the activation energy of diﬀusion. ∆Gs can be easily found applying Equa-
tion 3.11 without the last term. Once all the terms are substituted in Equation
3.13, the induction time can be written in a logarithmic form:
ln(ti∆T) = lnQ + K/(T∆T) (3.14)
where K and Q are respectively:
K =
￿
4σb1σabb0T
0
m/kT∆Hm
￿
(3.15)
Q = ln
￿
C∆σT
0
m/∆Hm∆Tb0
￿
(3.16)
Figure 3.21 shows plot of ln(ti∆T) against 104/(Tc∆T) where ∆T = (T 0
m − Tc),
assuming 142.2 ◦C, as explained previously [78, 122].
From Figure 3.21, it is clear that the slope K does not vary signiﬁcantly between
the unclariﬁed and clariﬁed systems. Rather, Q decreases with the increase of DBS
in the polymer matrix. This result provides evidence of the eﬃciency of nucleatingChapter 3 Eﬀect of DBS on Polyethylene 80
Figure 3.21: Analysis of crystallisation induction times for PE O% DBS (◦),
PE 0.3 % DBS (•), PE 1% DBS (H) and PE 3 % DBS (￿)
agent on the polymer but, according to Muchova and Lednick´ y, does not imply
a change in the nucleation process, which is in contradiction with the conclusion
drawn from the nucleation density studies. Q is eﬀected by the energy parameter
∆σ which suggests only a decrease in the activation energy in the presence of DBS.
From Figure 3.21 it can be clearly seen that the PE 0 % DBS results are similar
to 0.3 % DBS, whilst 1 % DBS and to 3 % DBS are indistinguishable. This can
suggests that there is a saturation in the nucleation process around 1 %, as has
been shown previously for nucleation densities (ﬁgure 3.17). A similar result wasChapter 3 Eﬀect of DBS on Polyethylene 81
found by Martin et al. [41] but in their case the result was not as distinct.
However, a detailed consideration of the assumptions and approximations present
in the above theory reveals a number of issues. For example, in the case where
∆σ → 0 (when an external substrate is not present) the intercept would tend to
inﬁnity. This is in contrast with Muchova and Lednick´ y experimental test and our
analysis. Moreover ∆Gη is treated as a constant term, which is not the case due
to its dependence on the temperature T. From all these considerations we propose
a diﬀerent approach to consider the induction time. The induction time is equal
to the time for the polymer to form a critical nucleus on the substrate. Therefore
from Equation 3.9, the induction time is equal to:
ti ≈ th (3.17)
th is equal to:
th = A1exp
h
16σb1σab∆σ
￿
T
0
m
￿2i
/
￿
kT (∆Hm∆T)
2￿
exp(∆Gη/kT) (3.18)
and substituting th in Equation 3.17, it can be expressed in logarithmic form as:
ln(ti) = lnA1+16σabσbl∆σ(T
0
m)
2/
￿
(∆H)
2 (∆T)
2kT
￿
+
￿
[∆Gη(∆T)
2￿
]/
￿
(∆T)
2 kT
￿
(3.19)
From the above equation it can be clearly seen that it assumes the form of a
parabola. However, the weight of the last term at high temperature can be con-
sidered negligible; hence the equation can be written as:
ln(ti) = lnA1 + 16σabσbl∆σ(T
0
m)
2/
￿
(∆H))
2(∆T)
2kT
￿
(3.20)
Figure 3.22 shows a plot of ln(ti) against 1/(Tc∆T 2). From the regression data
presented in Table 3.3, it is evident that there is considerable uncertainty in theChapter 3 Eﬀect of DBS on Polyethylene 82
intercepts. From Equation 3.18, A1 is a constant and, therefore, should be in-
dependent of DBS concentration. Intercepts weighted according to the standard
error was therefore calculated and the regression lines were recalculated using the
mean of the intercept as a constraint ( see Table 3.4).
Figure 3.22: Analysis of crystallisation induction times for PE O% DBS (◦),
PE 0.3 % DBS (•), PE 1% DBS (H) and PE 3 % DBS (￿).
From the results, it is evident that ∆σ decreases as the percentage of DBS increases
up to 1 % DBS. That is, ∆σ decreases as the ﬁbril size increases. However,
a quantitative evaluation ∆σ did not result in any sensible number, comparedChapter 3 Eﬀect of DBS on Polyethylene 83
Table 3.3: Value of the slope and the intercept for the new induction time.
Material i =1,2,3 a (slope) ± ∆ a mi (intercept) ± ∆mi
PE 0 %DBS 1) 72.4474 10.4538 1.1045 0.4650
PE 0.3 %DBS 2) 62.7593 13.5695 0.8069 0.7050
PE 1-3 %DBS 3) 60.4371 2.4310 0.3000 0.1584
Table 3.4: Value of the slope and the intercept for the new induction time,
using the mean of the intercept as constrain.
Material i =1,2,3 a (slope) ± ∆ a mi (intercept) ± ∆mi
PE 0 %DBS 1) 88.0043 10.4538 0.4010 0.5465
PE 0.3 %DBS 2) 70.4700 13.5695 0.4010 0.7280
PE 1-3 %DBS 3) 58.9297 2.4310 0.4010 0.1619
to published data [121], even though the above analysis suggest, qualitatively,
that the addition of DBS results in a reduction in ∆σ, and that 1-3 % DBS are
indistinguishable. However, 0.3 % DBS shows an intermediate case between 0 %
and 1-3 % DBS. This result leads to a few interpretations. First, 0.3 % could
result diﬀerent from 1-3 % DBS simply because there is not enough ﬁbrils in the
system to form a network to act as nucleating agent. Nogales et al. [102] studied
iPP containing diﬀerent levels of DBS by SAXS and noticed a strong lamellar
orientation in the presence of DBS ( above 0.5 % DBS). This was not the case for
the polymer containing 0.3 % and therefore they suggested that DBS network at
really low concentrations may be loose such that the overall lamellar orientation
is undetectable. Otherwise, the above result could be explained by considering
that at 0.3 % the DBS could exist in a diﬀerent form from that in the 1-3 %
DBS. This hypothesis can be supported by the non direct evidence of ﬁbrils in the
optical and SEM images. Moreover, some quenching experiments were carried out
in the attempt to image DBS ﬁbrils in the melt. Each specimen containing DBS
has been melted at 150 ◦C, held at this temperature for 5 min and subsequently
quenched into isopentane ( cooled down to - 80 ◦C with liquid nitrogen). Figure
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0 % DBS show no features, as expected due to the rapid quenching rate. 1-3 %
DBS show well developed network of ﬁbrils throughout the sample, whilst 0.3 %
again exhibits no feature. This result could suggest that at 0.3 % the DBS exists
in a non birefringent (i.e. disordered) state as supposed before, or simply that the
presence is so sporadic that we are not able to detect it.
(a) 0 % DBS TC = 150◦C (b) 0.3 % DBS TC = 150◦C
(c) 1 % DBS TC = 150◦C (d) 3 % DBS TC = 150◦C
Figure 3.23: Transmission optical micrograph (crossed polar) showing mor-
phology that develops in polyethylene melt containing 0-0.3 % and 1-3 % DBS.
Sample melted at 150 ◦C before being quenched in isopentane at - 80 ◦C; scale
bar 250 µm.
From the results presented here, it is possible to conclude that DBS ﬁbrils are
able to decrease the surface energy and become site of nucleation for polyethylene
nuclei. However, the nucleation ability is temperature dependent because of a
increase in the critical nucleus size and as consequence a reduce fraction of DBSChapter 3 Eﬀect of DBS on Polyethylene 85
is available as nucleation site , as seen from the nucleation density experiments.
3.6 Conclusion
Enhanced nucleation of polyethylene has been shown to occur over a range of DBS
concetrations and, as previously observed by Vaughan and Hosier [38], a tempera-
ture dependency was shown to occur for all diﬀerent amount of DBS studied here.
Whilst a decrease in nucleation density was observed at around 124 ◦C for 1-3 %,
this was not the case of 0.3 % DBS. In fact, the latter has shown an abrupt decrease
in the range of 118-120 ◦C and it is suggested that this may be related to the ratio
of the size of the critical polymer nucleus and the DBS ﬁbrils. This would explain
also the decrease of 1-3 % at higher temperature due to the presence of bundle of
ﬁbrils as directly observed from SEM images and supported by other works [106].
A second element of this study concerned an analysis of the eﬀectiveness of DBS
as nucleating agent by studying the induction time using Muchova and Lednick´ y’s
theory. However, we believe that some of their assumptions can alter the result.
Therefore we proposed an alternative approach and observed a decrease in the
surface energy between the DBS and the polymer crystal. Moreover, the surface
energy was found to be dependent on the amount of DBS, but we were not able
to explain if this is the result of a diﬀerent nature of the DBS at low percentage
or just due to a loose network as suggested by others [102].Chapter 4
Charge Transport in Unclariﬁed
and Clariﬁed Polyethylene
4.1 Introduction
In the previous chapter the nucleation and crystallisation of a polyethylene blend
on DBS ﬁbrils was described. A range of morphologies was produced and crys-
tallisation of polyethylene on DBS ﬁbrils was demonstrated. In particular, it was
seen that the nucleation density was increased by some 5 order of magnitude for
polymer containing 1-3 % DBS, although, a temperature dependency was observed
above particular temperature, depending on the amount of DBS present. In this
work, the same PE/DBS systems are considered and the dielectric properties are
investigated by the pulsed electro acoustic (PEA) technique.
Under high voltage (HV) conditions, trapped or low mobility electrically charged
species within the bulk of polymeric materials may develop, resulting in a localised
electric stress enhancement. Space charge is believed to be a major contributing
factor leading to initiation of electrical trees and consequently to catastrophic di-
electric breakdown under an applied electrical ﬁeld [123, 124]. The space charge
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distribution in polyethylene has been shown to have a strong dependency on addi-
tives, crosslinking and oxidant products [125, 126]. Nonetheless, the morphology
of the polymer appears to play an important role in increasing the breakdown
strength of the material [127]. Studies have shown a signiﬁcant increase in electri-
cal strength in the presence of spherulites in the bulk [111, 127]. At the same time,
an increase in the size of spherulites can decrease signiﬁcantly the electric strength
of the material [128]. Dibenzylidene sorbitol was shown previously to increase the
number of nuclei in polyethylene and as a result the microstructure that develops
is considerably diﬀerent from that of the unclariﬁed polymer. Recently Li et al.
[129] have studied space charge behaviour in a low density polyethylene (LDPE)
containing 0.3 % sorbitol and demonstrated improved space charge distributions
in the presence of the nucleating agent. They attributed the improvement in space
charge characteristics to the introduction of shallow traps.
In this work, the space charge behaviour will be studied using a wider range of DBS
concentrations in order to study the inﬂuence of the DBS and the morphology of
the polyethylene on the transport of charges under an applied electric ﬁeld. Sam-
ples were prepared at the Specac press of 200 µm in thickness and subsequently
crystallised in an oil bath at 117 ◦C. This speciﬁc crystallisation temperature was
chosen because all PE/DBS samples investigated showed a maximum in nucleation
density and, morphologically all the samples exhibited space ﬁlled microstructures.
Space charge distributions were measured using the pulse electro-acoustic (PEA)
system as described in section 2.7.3. Calibration was carried out below a threshold
voltage, at which no space charge is present in the bulk. In this case an optimum
was found at 2 kV. For each PE/DBS system, space charge accumulations were
conducted at 5 kV for a period of 1 h at room temperature. After this time, the
voltage was removed and the discharge process was recorded over 1 h. During
the charging phase, data were acquired every 30 s over the ﬁrst 5 min, and sub-
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space charge behaviour in a clear manner, each of the ﬁgures presented below in-
cludes only data recorded after 30 s, 5, 30 and 60 min after the voltage application.
Moreover, for a clearer interpretation of these results, data with voltage on and
oﬀ were gathered during the charging process. Subsequently, the samples were
short-circuited upon the removal of the external voltage and the charge decays
were monitored for 1h. In this phase, data were acquired every 5 min.
4.2 Space Charge
The data shown in Figures 4.1 show how the distribution of space charge in a
crystallized PE blend 0 % DBS evolves with time during charging and discharg-
ing period at room temperature. Figure 4.1(a) reveals that after 30 s almost no
charge is visible near the electrodes or in the bulk. After 5 min some positive
charge injected near the cathode is visible, which is termed heterocharge, and it
increases with the time of application of the electric ﬁeld (see arrow) up to 30 min.
Heterocharge is deﬁned the charge having the polarity opposite to that of the ad-
jacent electrode, whilst homocharge is the charge having the same polarity as the
electrode. However, in order to have a closer proﬁle of the net charge, measure-
ments with voltage oﬀ ( Figure 4.1(b)) were also taken during the charging process.
Figure 4.1(b) reveals an increasing presence of heterocharge close to the cathode,
which gradually moves into the bulk, together with a small amount of heterocharge
near the anode. Charge formation in the bulk depends on several factors, includ-
ing electrode injection, charge movement and the trapping characteristics of the
material [125]. On short circuiting after the 60 min voltage application, the ac-
cumulated charge from the cathode starts decaying, as can be observed in Figure
4.1(c), but most charge still remain trapped after 60 min. These results show
that the LPE/BPE blend contains some deep charge trapped in the bulk, which is
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kind of charge is associated with short branch chains and impurities. However,
Suh et al. [130] studied space charge evolution in an LDPE system and suggested
that the heterocharge is determined by the polymerisation process. These authors
suggested that oxygen and peroxides used for the polymerisation may behave like
ionic species, increasing the overall heterocharge in the bulk.
Figure 4.2 compares space charge distributions in the three blends containing
diﬀerent amounts of DBS as a function of time during the charging phase and
with voltage on. From this, it is evident that in the case of the 0.3 % DBS system
(Figure 4.2(a)), heterocharge is injected from the cathode. Moreover, these data
sets lie on top of the one another, indicating that the space charge distribution is
established within the ﬁrst 30 s. Nevertheless, the charges in PE 0 % DBS and PE
0.3 % DBS are of the same type, but they increase to a diﬀerent extent. This is in
agreement with the ﬁndings of Li et al. [129] and supports the idea that the charge
re-distribution improves in the presence of 0.3% DBS . Figure 4.2(b) presents the
space charge behaviour of PE 1 % DBS. These data diﬀer markedly from the
previous systems, in that an increase of injected homocharge near the cathode is
observed, followed by an increased in heterocharge near the anode. Moreover, an
increase with the time is observed, reaching a plateau at 30 min. A similar trend
can be seen in ﬁgure 4.2(c)); in this, the homocharge next to the cathode is bigger
than that seen in ﬁgure 4.2(b) and the charge next to the anode decreases from
the one seen in 1 % DBS.
The change from heterocharge to homocharge in the latter two systems may be at-
tributed to the presence of an established 3-dimensional network of DBS macroﬁb-
rils, as observed by SEM. A second explanation could be the injection of positive
charge from the anode, which could enhance the diﬀusion of negative charge into
the bulk from the cathode. From these data, it is not possible to distinguish the
evolution of the space charge in the materials due to the presence of the charge
at the electrode. The only consideration that can be made is that when the 3-DChapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 90
(a) PE crystallised at 117 ◦C: measurements taken with volt ON.
(b) PE crystallised at 117 ◦C: measurements taken with volt OFF.
(c) PE crystallised at 117 ◦C: measurements taken during the 60
min decay.
Figure 4.1: Space charge distribution of PE 0 % DBS during the voltage
application and 60 min decay process.Chapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 91
(a) PE/ 0.3% DBS crystallised at 117 ◦C: measurements taken with
volt ON.
(b) PE/ 1% DBS crystallised at 117 ◦C: measurements taken with
volt ON.
(c) PE/ 3% DBS crystallised at 117 ◦C: measurements taken with
volt ON.
Figure 4.2: Space charge distribution of PE:DBS systems during volt ON.Chapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 92
network is established and the presence of DBS is higher than 0.3 %, an inverted
charge develops as a consequence, we suggest, of enhanced charge injection at the
cathode. Therefore from the above data, it suggests that the evolution of space
charge is strongly inﬂuenced by the presence and the nature of the DBS ﬁbrils.
Consequently, we chose to investigate further the charge process with volts oﬀ dur-
ing the charging process in order to obtain a better insight of the charge formation.
Figure 4.3(a) shows some heterocharge present near the cathode but overall the
charge density is really small compared to the PE 0% DBS charge distribution. In
this case it can be observed that the charge density increases from 30 s to 60 min,
but the magnitude of the increase is negligible compared to the one seen in Figure
4.1(b). Tanaka et al. [126] studied the evolution of space charge in LDPE at
diﬀerent temperatures and suggested that an increase in thermal energy enhances
the charge carrier mobility, promoting de-trapping. In our case instead, the pres-
ence of 0.3 % DBS could enhance the mobility of charge carrier. In fact, Li et al.
[129] have suggested the presence of shallow traps from the observation of charging
evolution in LDPE 0.3 % DBS. In the case of 1 %DBS ( Figure 4.3(b)), the charge
formation and transport seems diﬀerent from the previous case, as suggested from
the volt on data. At ﬁrst there is formation of some homocharge near the cathode
which increase with the time and is consequently injected into the bulk. This is
followed by formation of heterocharge near the cathode. A similar phenomenon
can be seen for 3 % DBS in Figure 4.3(c), even if the homocharge is predominantly
on the cathode side and moves into the bulk as a function of the time.
The charging process of the PE/DBS systems has shown two distinct scenarios.
In the absence of DBS, the presence of heterocharge injected from the cathode has
been observed. Similarly, the 0.3 % DBS sample exhibited heterocharge, but its
magnitude was smaller than that of the 0 % DBS. The 1 and 3 % DBS systems are,
conversely, dominated by homocharge near the cathode, followed by the formation
of heterocharge at the anode. In this work we also monitored the decay of theChapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 93
(a) PE/ 0.3% DBS crystallised at 117 ◦C: measurements taken with
volt OFF.
(b) PE/ 1% DBS crystallised at 117 ◦C: measurements taken with
volt OFF.
(c) PE/ 3% DBS crystallised at 117 ◦C: measurements taken with
volt OFF.
Figure 4.3: Space charge distribution of PE:DBS systems during the 60 min
charging process with volt OFF.Chapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 94
charge in our systems and compared with the slow decay present in the PE 0 %
DBS system. Figure 4.4(a) shows the discharging process, after short circuiting, of
the 0.3 % DBS system. A complete discharge, with almost no charge, is observed
in the sample, in agreement with the result of Li and coworkers [129]. Therefore
this result further suggests that the charge distribution is improved and that the
nucleating agent may act as the site of shallow traps. Conversely, the charge decay
in 1 % DBS decreases noticeably in the ﬁrst 5 min, as than shown in Figure 4.4(b),
after which a constant charge level is observed for the remaining time. This ﬁnding
suggests the presence of deep charge in the bulk. Moreover Figure 4.4(c) shows
the space charge decay for 3 % DBS. From this, it is evident that negligible decay
of charge occurs within the allowed 60 min, suggesting again a number of deep
charges trapping sites in the system, which could be ascribed to the polarity of
the ﬁbrils.
The data presented above can be interpreted in diﬀerent ways. First, the presence
of the DBS in the system modiﬁed the morphology of the material, as described
in the previous chapter. This diﬀerent morphology may have an eﬀect on the
charge dynamics which gives rise to the above eﬀects. Indeed, Jones and coworker
[131] have suggested that the transport of charge is inﬂuenced by the precise
polymer chain conﬁguration. Although, charge transport can be inﬂuenced by
the morphology, Tanaka et al. [126] have suggested that the presence of foreign
species is more important factor. Therefore we must consider the presence of
the DBS as an element that directly inﬂuences the charge transport. This would
also agree with the suggestions of Li et al. [129]. If this was true, it would not
explain completely why the presence of DBS enhances charge transport giving fast
discharge in 0.3 % DBS, whilst it acts as the site of deep trapped charge in the
1-3 % DBS systems. One hypothesis could be derived simply from the amount of
DBS in the system, where at low concentration it is loose and the charge can be de-
trap. Conversely, in the 1-3 % DBS systems, a 3-dimensional ﬁbril network is wellChapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 95
(a) PE/ 0.3% DBS crystallised at 117 ◦C: measurements taken dur-
ing 60 mins decay.
(b) PE/ 1% DBS crystallised at 117 ◦C: measurements taken during
60 mins decay.
(c) PE/ 3% DBS crystallised at 117 ◦C: measurements taken during
60 mins decay.
Figure 4.4: Space charge distribution of PE:DBS systems during the 1 h
discharging process.Chapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 96
established and being polar, could behave as the site of deep charge traps. There
is another more intriguing hypothesis. The diﬀerence in these results, particularly
at 0.3 %, could derive from a diﬀerent nature of the DBS at this low concentration,
as already suggested in the previous chapter. This means that the DBS acts as
shallow trap up to 0.3 %, whilst forming ﬁbrils at 1-3 % which introduce deep
traps into the system. Although the precise origin of the diﬀerent space charge
characteristics are diﬃcult to be explain mechanistically, the results are quite clear.
Deep heterocharges are present in PE 0% DBS but can be modiﬁed through the
introduction of 0.3 %, which enhance the de-trapping. However, increasing the
amount of DBS in the system up to 3 % results in homocharge and the decay is
slow.
4.3 Conclusion
Space charge distributions in PE/DBS systems have been measured using the
PEA method. Heterocharge was observed in PE 0% DBS during the charging
process and some deep trap charges were still present in the bulk after 60 min
discharge. The 0.3 % DBS system still showed evidence of heterocharge, but
smaller in magnitude than in the 0 % DBS, and an almost complete discharge was
observed during the decay, suggesting that the DBS acts as the site of shallow
charge traps, in agreement with Li et al. [129]. In contrast, the formation of
homocharge near the cathode followed by some heterocharge at the anode was
observed in 1-3 % DBS, which also shown a slow decay, suggesting some deeply
trapped charges. We propose that the DBS is associated with the dynamic of
charge transport in the bulk and that the presence of DBS at low concentration,
when a fully evolved 3-dimensional network has not yet developed, enhances the
de-trapping of charges. However, the formation of a mature polar network has
negative consequences, because the ﬁbrils induces deep trap charges within theChapter 4 Charge Transport in Unclariﬁed and Clariﬁed Polyethylene 97
bulk.Chapter 5
Polyethylene/ Ethylene Vinyl
Acetate Blends
5.1 Introduction
The properties of polymers can be enhanced by mixing two or more diﬀerent poly-
mers together to form blends [8]. However, only a small number of combinations of
polymers result in miscible blends, the majority tend to phase separate, modifying
the mechanical properties. Some polymer blends can result in enhanced mechani-
cal properties whilst others can reveal poor mechanical properties due to lack of in-
teraction at the interface of the two or more polymers. This is more likely to occur
when mixing polar and non polar polymers, as in the case of polyethylene/ethy-
lene vinyl acetate blends. Other factors that can inﬂuence the phase separation
at macroscopic level are: molecular weight, melting temperature, melting time
and annealing temperature. Nevertheless, phase separation can still occur even
in polymers that have similar physiochemical properties. In the case of polyethy-
lene blends, if crystallisation takes place in the spinodal region (see section 1.2.1),
phase separation will occur [8].
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From a thermodynamic point of view, mixing two polymers can lead to phase
separation due to the small combinationatorial entropy and positive enthalpy of
mixing. Rheological studies have shown that the interfacial tension between two
polymers plays a key role for partial miscibility/dispersion of the second phase in
small particles [132, 133]. Moan et al. [134] reported that the interfacial tension
depends mainly on the structural similarity of the components and blend composi-
tion. Khonakdar et al. [135] estimated the interfacial tension between LDPE/EVA
and HDPE/EVA using a rheological model, known as the Palierne analysis [136].
This study enables the derivation of interfacial tension values for both system and
demonstrated greater structural similarity in LDPE/EVA systems than in HD-
PE/EVA. Furthermore, Ray and Khastgir [137] observed a degree of miscibility
within the amorphous region for LDPE and EVA. DSC melting traces have shown
a decrease in the melting temperature of the PE peak, which is related to the
partial miscibility of the two polymers [138]. P´ eon et al. [139] have also shown a
correlation between the VA percentage, the molecular weight ( ¯ Mw) and the activa-
tion energy; however, they noticed a stronger bias of the ¯ Mw on the enhancement
of viscosity of EVA copolymers than the VA content.
Other researches have concentrated their attention on high density polyethylene
and ethylene vinyl acetate blends. Krause et al. [36] used the Hildebrand solubility
parameter to predict a complete miscibility of HDPE/EVA for VA contents lower
than 18 %. Experimental agreement was subsequently found by Na et al., [56]
which demonstrated a miscibility for HDPE/EVA with 16 % VA content. However,
Na et al. [56] observed a phase separation already in the melt when the VA
content was above 16 % . In contrast, John et al. [55] observed immiscibility
in HDPE/EVA blends, but they increased the penetration of the two phases and
reduced the interfacial tension by the addition of maleic anhydride (MA).
In brief, the morphology of blends of PE/EVA, depends on both the EVA content
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copolymer. The EVA domain size increases with the extent of VA, generally
resulting in lower mechanical properties, although, a study of LDPE/EVA by
Serenko and Avinkin [42] highlighted an enhancement in toughness of this blend.
Therefore, a potential strategy to enhance the dispersion EVA avoiding macro
phase separation in polyethylene matrix could result from the mixing of EVA in
a blend of LPE/BPE.
In this study, a series of blends of PE and EVA were considered. The interest in
these blends is given by the potential use of the blends in the dispersion of a polar
aluminium silicate, montmorillonite (MMT) clay. The polyethylene used in this
study is a blend composed of 20 % high density polyethyelene (LPE) and 80 % low
density polyethylene (BPE) and will be termed PE. The reference material used
in this chapter is therefore the same polyethylene blend considered in the chapter
3 and 4. The three ethylene vinyl acetate (EVA) copolymers investigated here
contain 9, 18 and 40 % vinyl acetate (VA) and will be refereed to, respectively,
as EVA9, EVA18 and EVA40. All these were obtained from DuPont. According
to the manufacturer, the 9 % and 18 % copolymers both have a melt ﬂow index
(MFI) values 2.16 Kg at 190 ◦C of 7, while the 40 % polymer has an MFI of 57
under the same conditions. This indicates that the ﬁrst two copolymers are of a
higher molecular weight than the latter. The PE:EVA ratios used were 80:20 and
60:40 in order to have polyethylene domains and the EVA as second phase. The
ﬁrst blend, containing 80 % PE and 20 % EVA, will be referred to as 80:20EVAs.
The second blend contains 60 % PE and 40 % EVA is termed 60:40EVAs.
All the compounds were held in the melt for 5 min or 60 min in order to enhance
the phase separation eﬀect in the blends and subsequently characterised by DSC
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5.2 Results and Discussion
5.3 Diﬀerential Scanning Calorimetry
All samples were isothermally crystallised at a range of temperatures between
113 ◦C and 120 ◦C inclusive, and melting traces were subsequently acquired. The
prior melting temperature was always set at 150 ◦C and two diﬀerent batches
of PE:EVAs were tested. The ﬁrst batch of samples was held at the melting
temperature for 5 min, whilst the second batch was held for 60 min. This was
done in order to explore the kinetics of any phase separation in the blends.
Figure 5.1 shows the DSC melting behaviour of PE isothermal crystallised samples
at 117 ◦C as a function of VA content. The high melting peak at ∼126 ◦C,
corresponds to lamellae that are composed, principally, of LPE. These crystals
correspond to the framework of so-called dominant lamellae [111]. The second
peak at ∼110 ◦C corresponds to BPE. A third small peak is also visible in traces
containing 9 and 18 % VA at variable temperatures. These peaks correspond to
the diﬀerent EVAs. In the case of 80:20EVA9-5m the EVA peak appears inside
the BPE peak tail at a temperature of 98 ◦C. This feature could be interpreted
as indicating a passive role of EVA in isothermal crystallisation and, as such, this
component behaves eﬀectively as an additional diluent. In this way, the LPE is
only weakly inﬂuenced by the EVA and its melting behaviour is largely unaﬀected
and the enthalpy remains constant. Alternatively, the above could indicate that
the PE and EVA are immiscible and, therefore, phase separated in the melt, such
that the PE and EVA occupy distinct spatial locations. The zones corresponding
to each of the PE and EVA phase consequently crystallise separately, such that
the EVA has minimal eﬀect on the polyethylene (both LPE and BPE). Increasing
the VA content, decrease the crystallinity of the EVA. Thus, a peak at ∼85 ◦C in
80:20EVA18 melted for 5 min, corresponds to the ethylene part of the EVA18 andChapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 102
is in agreement with behaviour by Hosier et al. [140].
Figure 5.1: Diﬀerential Scanning Calorimetry of 80:20EVA in function of VA
content after isothermal crystallisation at 117 ◦C. All melting traces show two
distinct peaks at 126 ◦C and 110 ◦C relative to LPE and BPE, respectively.
A third peak (arrowed) is observed at 98 ◦C and 85 ◦C relative to EVA9 and
EVA18.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 103
Although the peak corresponding to EVA18 and the peak relating to BPE are
separate, some co-crystallisation with BPE is possible. In the uppermost trace,
there is no evidence of an EVA peak because the melting peak of EVA40 is situated
to a lower temperature. Hosier et al. [140] found that the crystallinity and melting
point of EVA decreases with increasing VA content. In particular the melting point
of quenched EVA40 was found at 40 ◦C, which is out of the temperature range
investigated here.
Figure 5.2 represents the eﬀect of EVA content on the melting behaviour of blends
containing 9 % VA crystallised at 120 ◦C. Two features are evident in both traces;
80:20EVA9 and 60:40EVA9 show the a peak at 126 ◦C and another peak at 110 ◦C,
corresponding to the LPE and BPE peaks respectively. A third peak is also present
below the BPE peak at ∼ 110 ◦C and becomes more pronounced as the EVA
content increases. As previously noted in Figure 5.1, the corresponding feature
(arrowed) in the melting behaviour of 80:20EVA9 and 60:40EVA9 relates to both
the BPE and the EVA components of each blend. These DSC data can be inter-
preted in two ways. The EVA plays a passive role in isothermal crystallization
and, as such, behaves eﬀectively as an additional diluent. In this way, the LPE
is only weakly inﬂuenced by the EVA and, consequently, its melting behaviour is
largely unaﬀected. The BPE and the EVA subsequently co-crystallize to give the
broad, low temperature endotherm seen in Figure 5.1. Otherwise the polyethy-
lene and EVA are immiscible and, therefore, phase separate in the melt such that
each occupies distinct spatial locations. The zones corresponding to each phase
consequently crystallize separately, such that the presence of the EVA has a min-
imal eﬀect on the polyethylene (both LPE and BPE). The DSC trace obtained
from each blend then merely constitute a suitably weighted addition of the traces
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Figure 5.2: Diﬀerential Scanning Calorimetry of PE in function of EVA con-
tent after being crystallised at 120 ◦C. PE indicates the LPE and BPE peaks
for a blend without EVA; same peaks are detected for 80:20EVA9-5m and
60:40EVA9-5m and an additional peak is present at 98 ◦C.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 105
Figure 5.3 compares melting traces of the same material after being isothermally
crystallised at range of temperature between 113 and 120 ◦C. For the sake of
brevity only melting traces for 80:20EVA18 are shown here; all the others blends
showed the same behaviour, except the EVA40 peak, which was not detectable as
explained above. From all the traces, the three characteristic peaks corresponding
to LPE, BPE and EVA are present at variable temperatures. After crystallisa-
tion at 113 ◦C, the melting temperature of the LPE peak is situated at 124.7 ◦C
and exhibits a shoulder on the low temperature side. This secondary feature is be-
lieved to be a co-crystallisation/reorganisation eﬀect of the linear material and the
more linear fractions of the BPE, as described by other authors [9, 38]. The peak
relating to BPE is situated at 110 ◦C and is associated with at the branch poly-
mer that crystallises during quenching. A third peak, corresponding to the EVA,
melts at 85 ◦C, not far from the melting point of EVA18 alone. As the crystalli-
sation temperature was increased to 117 ◦C, the LPE peak becomes narrow and
the co-crystallisation eﬀect is reduced. At higher crystallisation temperatures, the
LPE peak becomes narrower and the peak is shifted towards higher temperatures.
This phenomenon can be associated with the formation of thicker LPE lamellae
as the crystallisation temperature increases ([9, 110, 141]). This is not the case
for the quenched BPE and EVA peaks, which remain at constant temperatures
over the same temperature range; it is interesting to note that the extent of the
BPE peak increases with the crystallisation temperature. In fact, a new feature
appears on the right shoulder of the BPE peak after crystallisation at 120 ◦C. A
co-crystallisation of low molecular mass LPE together with the BPE is a potential
explanation, as seen in the PE blend described in the previous chapter. However,
a segregation phenomenon during the crystallisation can be another possible in-
terpretation, as described by Alamo et al. [142]. At this stage, the melting traces
cannot explain which of the two interpretations is more probable.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 106
Figure 5.3: Diﬀerential Scanning Calorimetry of 80:20EVA18-5m in function
of crystallisation temperature. LPE peak shift at higher melting temperature
at the increase of crystallisation temperature, whilst the BPE and EVA peaks
remain constant at the same temperature range.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 107
The data presented in Figure 5.4 show melting traces of 80:20 and 60:40 EVA18
samples crystallised at 117 ◦C as a function of the melting time. The blends
containing EVA9 and EVA18 are not represented because they showed the same
trend as EVA40 apart from the additional presence of the low temperature EVA
melting peak. Two main diﬀerences are observed in the melting traces shown here.
The LPE peak position shows a slight depression after the samples were held in
the melt for 60 min. This result could be interpreted in diﬀerent ways:
• The depression is related to some interaction between the LPE and the EVA,
which has assumed a diﬀerent conformation during the relaxation time.
• Enhanced phase separation occured that has aﬀected the crystallisation of
LPE. Moreover, in the 60 min melt the BPE peaks are broader.
One explanation can derived from segregation of PE molecules of diﬀerent molec-
ular weight during the annealing time in the melt, therefore a co-crystallisation
has occurred between BPE and the short chains of LPE. Comparing the enthalpy
of the LPE peak for 5 and 60 min samples, a decrease in the LPE enthalpy can be
noted at 60 min. Therefore, it seems that after 60 min in the melt a fraction of the
LPE molecules do not crystallise in the same way as in the case of the 5 min melt-
ing traces. This would explain the increase in BPE peak area, which results form
of low molecular weight LPE rejected from LPE peak. However, the behaviour
shown in Figure 5.4 could also be the result of LLPS, which reduces the amount
of LPE available for the the isothermal crystallisation. Li et al. [138] studied a
binary blend of LLDPE/EVA and they observed an increase of phase separation
with increasing annealing time at 180 ◦C. They suggested that the observed phase
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Figure 5.4: Diﬀerential Scanning Calorimetry of PE:EVA40 crystallised at
117 ◦C in function of melting time. LPE peak shifts at lower temperature when
held in the melt for 60 mins and more co-crystallisation is observed on the right
shoulder of the BPE peak.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 109
5.4 Isothermal Crystallisation of PE/EVA blends
Isothermal crystallisation data obtained from DSC experiments were analysed by
applying Avrami theory [24, 25, 26] and its subsequently revision [74]. Applying
the kinetic equation on the data up to 50 % relative crystallinity:
1 −
Vc
Vinf
= exp(−Kexp (t − t0)
n) (5.1)
the value of n, Kexp and t0 were found. The values of n fall from 3.6 to 2.8 as the
crystallisation temperature increases, for all the polymer systems, suggesting 3-
dimensional growth. Assuming that the crystal growth is really three-dimensional,
Kowalewski et al.[74] has suggested that the eﬀective three-dimensional crystalli-
sation constant K0
3 can be determined from the experimental value of Kexp using
the following formula:
K
0
3 =
4
3
πNG
3 ∼ = (Kexp)
3
n (5.2)
In this Equation, N is the number of nucleation sites per unit volume and G is
the growth rate of the crystallising object.
Figure 5.5 shows non linear Avrami plots of isothermal crystallisation data ob-
tained at various temperatures for a PE:EVA blends melted for 5 min. Increasing
the crystallisation temperature results in an increase in crystallisation time for all
the blends examined, up to 50 % of the total crystallinity, in line with previous
results found on PE 0 % DBS blend. Increasing the ratio of PE/EVA from 80:20
to 60:40 the latter blends showed a further increase of crystallisation time at the
same isothermal temperatures compared to the 80:20EVAs blends. This behaviour
is generally ascribed to blends containing a second phase that decreases the growth
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a drastic decrease in spherulitic growth rate in poly(ethylene oxide)/amorphous
polyamide with an increase in the fraction of amorphous component. Nevertheless,
increase of growth rate has also been reported in crystalline/amorphous blends.
Bulakh and Jog [144] observed an increase in growth rate in poly(phenylenesulﬁde)
(PPS)/amorphous polyamide (PA) blends. They attributed the enhancement of
growth rate to the presence of the molten polyamide, which facilitates the mobility
of PPS.
Figure 5.5: Non Linear Avrami ﬁtting on 80:20EVA9 melted for 5 min at
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Li et al. [145] have have shown that poly(ethylene-butene)(PEB) can inﬂuence the
crystallisation of LLDPE, suggesting that the PEB acts as a diluent for PE. Figure
5.6 shows non linear Avrami plot of 80:20EVAs blends for all three VA content
after being held in the melt for 5 min. As can be seen, there are no main diﬀerences
in terms of n, Kexp for blends containing EVA9 and EVA40. On the contrary, the
80:20EVA18 blend takes longer to crystallise. This result is diﬃcult to interpret,
because at ﬁrst sight, crystallisation may be expected to vary monotonically with
VA content. This result suggests that the crystallisation process is comparable for
EVA9 and EVA40 blends. Nonetheless, the melting traces in Figure 5.1 have shown
Figure 5.6: Non Linear Avrami ﬁtting on 80:20EVA crystallised at 117 ◦C in
function of VA content.
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a penalty in the crystallisation process. In contrast, the addition of 18 % VA
content seems to aﬀect the crystallisation process. This ﬁnding suggests that, the
process of phase separation in 80:20EVA18 is diﬀerent from that in 80:20EVA40.
This could be due to engulfed EVA drops aﬀecting the crystallisation of the PE
blend, or due to a diﬀerent growth rate of the blend. Nevertheless, at the present
moment, although it cannot be speculated which is the cause, it is evident that the
EVA18 system behave diﬀerently and therefore we will come back on this point
after an investigation of blend microstructure.
Figure 5.7 shows K0
3 values for all the blends as a function of crystallisation tem-
perature. Two distinctive trends are observed with a monotonic decrease in K0
3 as
the crystallisation temperature increases. The top curve consists of K0
3 values for
80:20EVA9 and 80:20EVA40, whilst the second is composed of K0
3 of 80:20EVA18
and all the 60:40EVAs. A decrease of K0
3 occurs with increasing EVA content only
for blends containing the 9 and 40 % VA materials. A decrease in K0
3 is observed
for 60:40EVA18 compared to 80:20EVA18, but this is negligible.
This result leads to some hypotheses. First, the values of K0
3 could derived from
an error due in processing of raw data. To test this hypothesis, the crystallisation
half time was considered as method to verify K0
3. For this, a 3-dimensional growth
model was chosen and the values of crystallisation rate were considered for three
diﬀerent crystallisation temperatures. From the Avrami equation, considering the
half time of 80:20EVA9 at 117 ◦C and comparing to the one of 60:40EVA9 at the
same crystallisation temperature, it can be found that:
ln0.5 = −K0
30t3
1 ln0.5 = −K0
300t3
2 (5.3)
where K0
30 and K0
300 are the 3-dimensional values of growth rate, K0
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Figure 5.7: Crystallisation constant against crystallisation temperature for
samples melted 5 min. Blends 80:20EVA9 and 80:20EVA40 show an higher
crystallisation constant compared to 60:40EVA. All PE:EVA18 show similar
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and 60:40EVA9 respectively. Hence, this can be written as:
(K300/K30)
1/3 = (t1/t2) (5.4)
From the Figure 5.7 it can be seen that the ratio of K0
3 diﬀerers by a factor ∼
20, which means that the half times ratio diﬀer by a factor of 2.7. Values for
the temperatures tested did not show evidence of an error in processing the raw
data. This point is further reinforced in Figure 5.8 which compares crystallisation
exotherms obtained at 117 ◦C for 80:20EVA9, 60:40EVA9 crystallised at 117 ◦C.
From here it can be seen that the 80:20EVA9 and EVA40 behave similarly while
60:40EVA9 and EVA40 take longer to crystallise. A second interpretation could
be attributed to a diﬀerent nucleation density and/or a slower growth rate. It is
known that:
K
0
3 =
4
3
πNG
3 (5.5)
The review article on miscible and immiscible blends by Di Lorenzo [146], showed
that the addition of an immiscible polymer generally produces a decrease of G in
the blend. However, other immiscible systems may show no aﬀect of the amor-
phous component on the growth rate. Only few authors has observed an increase
of growth rate in blend systems. For instance, Bulakh and Jog [144] observed an
increase of G with the addition of polyamide in poly(Phenylenesulﬁde). These
authors suggested that the molten PA facilitates the movement of PPS chains
and therefore an enhanced growth rate was observed. However, isothermal crys-
tallisation data have shown an increase in crystallisation time, which would make
diﬃcult to believe in an increase of G. Hence, a decrease in nucleation density
due to interaction between the two phases can aﬀect the kinetic of the blends.
However, such interpretation can be only veriﬁed by examining the morphology of
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Figure 5.8: Exotherm for 80:20EVA9 and EVA40 against 60:40EVA9 and
EVA40.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 116
5.4.1 Morphology
A preliminary optical study was conducted on samples containing 9 % VA due to
its potential miscibility with PE. Figure 5.9 shows a crossed polar optical micro-
graph that typiﬁes all blends containing 9 % VA. This shows a banded spherulitic
morphology that is space ﬁlling, despite the fact that 40 % of this system is made
up of EVA. The same was true of 80:20EVA9 melted for 5 min, where 20 % of the
Figure 5.9: Polarized light transmission optical micrograph showing the space-
ﬁlling spherulitic texture of 60:40EVA9 melted for 5 min and crystallised at 117
◦C. Scale bar: 50 µm.
material in the blend was composed of the relatively amorphous polar copolymer.
These results required further investigations at SEM resolution.
Figure 5.10 shows the internal micrograph of a 80:20EVA9 sample that was melted
at 150 ◦C for 5 min and subsequently crystallised at 117 ◦C for the time corre-
sponding to the total crystallisation time determined during the isothermal DSC
analyses. This particular isothermal temperature was chosen because PE samples
exhibit well known microstructures, and the crystallisation time is relative short.
Sample 80:20EVA9-5m contains some spherulites that are banded on the scale
of 5 µm and well ordered lamellae can be distinguished (Figure 5.10). The mi-
crostructure does not show evidence of macroscopic phase separation, conﬁrming
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Figure 5.10: Scanning electron micrograph of 80:20EVA9 melted for 5 min
and crystallised at 117 ◦C; no evidence of macroscopic phase separation. The
microstructure is dominated by PE spherulite.
However, at higher magniﬁcation, some micro droplet-like objects could be ob-
served at the boundary of spherulites, which could be related to a potential phase
separation of EVA (Figure 5.11). At this temperature the PE spherulites grow
rapidly and there is not much time for phase decomposition, as seen by Shabana
et al. [147] in a diﬀerent system. This conﬁrms the previous hypothesis regarding
the melting traces of PE:EVA9, where the EVA plays only a passive role in the
crystallisation of the polyethylene blend. Nonetheless, in order to conﬁrm if these
features are caused by phase separation, the same sample was held in the melt for
60 min. In doing so, phase separation should be promoted, if present.
Figure 5.12 shows a predominant crystallised PE phase and a second phase, in
the form of droplets. The featureless region is the eﬀect of the etching method
used and it can be related to the EVA being removed by the etchant. However,
the precise composition of such regions remains unclear. According to Moan et al.
[134], partial miscibility between EVA and LDPE is possible and, therefore, weChapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 118
Figure 5.11: Scanning electron micrograph of 80:20EVA9 melted for 5 min
and crystallised at 117 ◦C; evidence of microphase separation at the spherulites
boundaries.
might expect an interaction with the LPE. Moreover, Okui and Kawai [148] studied
EVA with diﬀerent VA contents and observed the growth of crystals bundles up to
14 % VA. This result could suggest that the featureless droplet may be composed
of VA while the more ethylene rich features have interacted with the matrix. A
similar phenomenon was observed by Shabana et al. [147]. These authors studied
poly(ε-caprolactone)/polystyrene blends by optical and electron micrographs and
showed segregation of PS outside spherulites of poly(ε-caprolactone). Therefore,
the results presented in the this work suggest that the long melting time allows
the two polymers to phase separate and create a second phase. SEM images were
analysed using Image Pro Plus software (work carried out at the University of
Trieste), to measure the average diameter of the EVA droplets, which was found
to be 0.6 µm for the sample melted for 5 min and 0.9 µm for the sample melted
for 60 min. This result evinces an increase in phase separation with increased the
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Figure 5.12: Scanning electron micrograph of 80:20EVA9 melted for 60 min
and crystallised at 117 ◦C; evidence of microphase separation at the spherulites
boundaries.
Subsequently, the eﬀect of varying the ratio of PE:EVA was investigated in order
to determine if the phase separation is just a time eﬀect or it is also related to
composition. Figure 5.13 shows a sample of PE:EVA9 60:40 melted for 5 min-
utes and subsequently crystallised at 117 ◦C, whilst Figure 5.14 represents the
same material after being melted for 60 min. In the ﬁrst micrograph, the dom-
inant features are PE lamellae, alternated with droplets of EVA phase dispersed
throughout the sample, with an average diameter of 1.2 µm. At the top of the mi-
crograph, an incomplete spherulite can be observed, which appears deformed due
to the presence of the second phase. This suggests that lamellae need to overcome
the EVA phase during the crystallisation process and, therefore suggests that the
growth rate can be aﬀected, as seen from the decrease in K0
3 data compared to the
80:20EVA9. The second micrograph, instead, reveals a co-continuous structure,
typical of spinodal decomposition. Well deﬁned lamellar structures are visible,
alternated with featureless regions typical of the EVA copolymer. These results
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agreement with work of Li et al. [138] can be found, where LLPS was observed in
LDPE/EVA9 (60:40) blend, varying the annealing time in the melt.
In summary, PE:EVA9 blends showed diﬀerent morphologies, depending on both
the EVA content and the melting time. A simply diagram can summarise the
above ﬁndings:
Table 5.1: Schematic summary of PE:EVA9 morphologies in function of EVA
content and melting time
Material Melt 5 min Melt 60 min
80:20EVA9 Single Phase Phase Sep./micro droplets
60:40EVA9 Macro Phase Sep. Co-continuous Phase Sep.
Figure 5.13: Scanning electron micrograph of 60:40EVA9 melted for 5 min and
crystallised at 117 ◦C; presence of crystallised lamellae in polyethylene regions
and featureless regions related to EVA.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 121
Figure 5.14: Scanning electron micrograph of 60:40EVA9 melted for 60 min
and crystallised at 117 ◦C; presence of crystallised lamellae in polyethylene re-
gions and featureless regions related to EVA.
5.4.2 PE:EVA with 18 % VA
On increasing the VA content up to 18 %, the microstructure shows a diﬀerent
scenario from the PE:EVA9 blends. Figure 5.15 shows a typical microstructure for
80:20EVA18 after being melted for 5 min and crystallised at 117 ◦C. A structure
predominated by crystallised spherulites with a typical 5 µm banding is observed
together with a second phase of EVA droplets. Moreover, it can be noticed that
the second phase is present as inclusion inside the spherulites. In addition, mi-
crographs at higher magniﬁcations show the lamella texture penetrating into the
inclusions ( Figure 5.16), which could be related to some interaction between
the matrix and the second phase, as predicted by Peon [132]. Observing the mi-
crostructures around the phase separated regions, it can be noted that well deﬁned
lameallae are present. Otherwise, this could be simply an etching eﬀect with the
blend being immiscible. The diameters of the EVA droplets shown in Figure 5.16
vary from submicrom inclusions to others of the order of 2 µm. This result isChapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 122
largely in agreement with micrographs shown by John et al. [55]. According to
Krause et al. [36], we could still be in the case of one phase in the melt. This
hypothesis could agree with the micrograph in ﬁgure 5.15 because the inclusion
are present inside the spherulites which means that the PE occludes the EVA dur-
ing crystallisation . Di Lorenzo [146] explained the case of binary blends where
the crystallisable part is dominant over the amorphous one. In this case, a phe-
nomenon termed fractionated crystallisation can occur leading to a reduction in
crystallisation rates within the dispersed droplets. A similar result was observed in
a blend of poly(ε-caprolactone)/atactic polystyrene (PCL/aPS)[149]. Depending
on the thermal treatment it was shown that aPS can remain trapped within the
growing spherulite. The cause of this dispersion was attributed to the crossing of
the binodal curve, causing subsequently LLPS within the spherulites. The frac-
tionated crystallisation could reduce the growth rate of the matrix and this could
result in the decrease of K0
3 shown in Figure 5.7. Returning to the morphology
shown in Figure 5.15, this microstructure is in contrast with that found by Faker
et al. [150] in LDPE/EVA blends, where they observed a PE matrix containing
submicrom EVA droplets formed because of a favorable interfacial tension. Al-
though the ﬁnding of Faker et al. [150] is in contrast to our present ﬁnding, we
suggest that this is due to diﬀerences in material preparation. In particular,
the submicrom EVA droplets result from the sample being quenched into liquid
nitrogen, directly from a melting temperature of 180 ◦C. This would indicate that
the EVA droplets can grow during the crystallisation of PE at 117 ◦C.
On increasing the EVA content to 40 %, the microstructure formed, after melting
for 5 min, reveals a two phase co-continuous structure between the PE and EVA, as
can be seen in Figure 5.17. Within the PE-rich regions, partial banded spherulites
can be seen. This result indicates that the PE is still able to crystallise in the
form of spherulite, despite the gross phase morphology.
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Figure 5.15: Scanning electron micrograph of 80:20EVA18 melted for 5 min
and crystallised at 117 ◦C; Spherulites are visible throughout the specimen and
well established phase separation is present within the PE matrix;PE and EVA
result immiscible.
Figure 5.16: Scanning electron micrograph of 80:20EVA18 melted for 5 min
and crystallised at 117 ◦C; Diﬀerent size of second phase are observed, where
some penetration of PE lamellae are visible.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 124
Figure 5.17: Scanning electron micrograph of 60:40EVA18 melted for 5 min
and crystallised at 117 ◦C; phase separation present all around the specimen.
enhanced. Figure 5.19 typiﬁes the 80:20EVA18 blends, where coarser phase sep-
aration is visible through all the sample; Figure 5.20 shows phase separation in
60:40EVA18 blends. The latter Figure demonstrates that the polyethylene again
contains partial banded spherulites (as seen from Figure 5.20), while the EVA
phase results as coarser structureless regions, compared with Figure 5.17. These
results are in agreement with those reported in the literature by Na et al. [56],
who observed a co-continuous polyethylene phase in a blend of 60:40 LDPE:EVA
after short melting times.
In summary, PE:EVA18 blends showed diﬀerent morphologies, depending on both
the EVA content and the melting time. Table 5.2 summarises the above ﬁndings:
The range of morphologies seen from PE:EVA9 and PE:EVA18 start from an
apparently miscible blend (80:20EVA9 melted for 5 min) through inclusion of
EVA droplets, to co-continuous phase separation. On increasing the EVA content,
more phase separation occur in all the systems. Submicrons droplets for blendsChapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 125
Figure 5.18: Scanning electron micrograph of 80:20EVA18 melted for 60 min
and crystallised at 117 ◦C; Increase of EVA Rd for 1 hr melting time.
Figure 5.19: Scanning electron micrograph of 60:40EVA18 melted for 60 min
and crystallised at 117 ◦C; Co-continuous phase separatation is present all over
the sample.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 126
Figure 5.20: Scanning electron micrograph of 60:40EVA18 melted for 60 min
crystallised at 117 ◦C.
Table 5.2: PE:EVA18 morphologies in function of EVA content and melting
time.
Material Melt 5 min Melt 60 min
80:20EVA18 Phase sep./micro droplets Phase sep./coarser droplets
60:40EVA18 co-continuous Phase Sep. Coarser Co-continuous Phase Sep.
based on EVA9 to macro droplets in EVA18 based systems. On increasing the
VA content in the EVA, phase separation is present in all the specimens as seen
above. Increasing the melting time, separation was observed in all cases and co-
continuous phase separation is present, which suggests a melt eﬀect. This ﬁndings
suggest that the phase behaviour is dominated by the EVA, VA content and the
time in the melt.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 127
5.4.3 PE:EVA with 40 % VA
The trends outlined above were expanded further with reference to the PE:EVA40
system. Figure 5.21 shows a micrograph of 80:20EVA40 melted for 5 min; crys-
tallised polyethylene that resembles the form of spherulites is present with occluded
EVA droplets on the order of 0.7 µm in radius (Rd), which are smaller than the
droplets seen in PE:EVA18. Looking back at the previous trends, the increase of
VA content in EVA showed coarser phase separation, which does not happen in the
current case. An increase of time in the melt results in a well deﬁned and coarser
phase separated microstructure, containing EVA-rich droplets (Figure 5.22). A
shorter melt time has been seen to result in a more homogeneous dispersion com-
pared to that of longer melt times. The EVA particles have a radius of the order
of 0.70 µm (Figure 5.21) for a 5 min melt and 3-4 µm for a 60 min melt (Figure
5.22). From Figure 5.21, spherulite shapes are still detectable; however, inclusions
of EVA are present throughout the crystallised PE. If the size of the inclusions in
PE:EVA40 are compared to those in PE:EVA18, it can clearly be seen that in this
case the inclusions are smaller. Na et al. [56] related this phenomenon to reduced
interfacial tension due to increased compatibility of LDPE with EVA. Another
study suggested that the small size of the EVA phase domains is due to a higher
viscosity of the PE matrix compared to the EVA [135]. Moreover, 80:20EVA40
has shown same values of K0
3 to 80:20EVA9 blends, which suggests that EVA40
aﬀects neither the nucleation nor the growth rate of the polyethylene blend.
Figure 5.23 shows typical microstructures of 60:40EVA40 melted for 5 min. Coarser
EVA droplets are present in the system but, again, the increase in EVA content
has not produced co-continuous phase separation, as in EVA18 based systems.
From the micrograph, it seems that the lamellae occluded the EVA phase while
crystallising and a drop in K0
3 was observed, thus more energy needs to be dis-
sipated to occlude the second phase. Martuscelli proposed a modiﬁcation to theChapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 128
Figure 5.21: Scanning electron micrograph of 80:20EVA40 melted for 5 min
and crystallised at 117 ◦C.
Figure 5.22: Scanning electron micrograph of 80:20EVa40 melted for 60 min
and crystallised at 117 ◦C; Increase of EVA Rd for 1 hr melting time.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 129
Hoﬀman Lauritzen equation in order to include an the additional energy barrier,
such that the growth rate equation becomes:
Ln(G)+
U∗
R(Tc − Tinf)
= ln(G0)−Kg/(fTc∆T)−(E1 + E2 + E3 + E4)/(fTc∆T)
(5.6)
In this, the new terms are deﬁned as: E1 energy dissipated by rejection of do-
mains, E2 kinetic energy to overcome the inertia of the drops, E3 energy required
to form a new interface between a spherulite and the other phase and E4 en-
ergy dissipated by deformation of the engulfed domain [151]. From this, it can
be conclude that G can be aﬀected by presence of the second phase, which con-
ﬁrms an increase in growth rate is impossible in the PE/EVA systems studied
here. This also explain why the PE:EVA18 systems show lower K0
3 compared to
the 80:20EVA9 and 80:20EVA40. Nonetheless, Wang et al. [152] showed through
self-consistent ﬁeld theory (SCFT), that enhancement of nucleation is possible
in polymer blends containing a diblock copolymer. Recently Zhang et al. [153]
explained that the enhancement of nucleation depends on the orientation of the
polymer chain with respect to the interfacial region and is proportional to the
interfacial volume. Conversely, dynamic Monte Carlo simulations by Ma at al
[154] attributed the enhancement to enthalpic, rather than entropic factors. With
regards to the 60:40EVA40 blends, it is interesting to note that the second phase
is present in droplet-like features and not as a co-continuous phase, as shown for
60:40EVA9 and 60:40EVA18. An explanation can be provided by the diﬀerent
molecular weight of the EVA40 compared with the other two copolymers. In fact,
Potschke and Paul [155] showed that the phase inversion composition depends
on both composition and viscoelastic factors. Therefore, the composition in the
present work is the same as the other copolymer, whilst the viscosity will be af-
fected by the diﬀerent molecular weight of the materials. This seems in agreement
with the morphology shown here, where at the same crystallisation temperature
the droplets in EVA40 result diﬀerent from the EVA18.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 130
Figure 5.23: Scanning electron micrograph of 60:40EVA40 melted for 5 min
and crystallised at 117 ◦C.
Figure 5.24: Scanning electron micrograph of 60:40EVA40 melted for 60 min
and crystallised at 117 ◦C.Chapter 5 Polyethylene/ Ethylene Vinyl Acetate Blends 131
To summarise, two diﬀerent blend ratios were studied by SEM. The Specimens
varied in term of the EVA to PE ratio, the composition of the EVA itself and the
annealing time at the melting temperature. From these results, some conclusions
can be drawn:
• In the case of blend ratios of 80:20 melted for 5 mins, a PE-rich phase
was observed for all VA content. In particular, the blend containing EVA9
showed limited phase separation of EVA rejected at the boundary of the
spherulites. However, the size of inclusion increased with increase of VA to
18 %, which aﬀected the growth rate.
• On increasing the EVA content, phase separation was present ranging from
inclusions (60:40EVA9 melted 5 min) to co-continuous phase separation
(60:40EVA18 melted 5 min), depending on the VA content. However, this
was not the case for the EVA40 system, where phase separation was observed
in the form of droplets.
• On increasing the time in the melt, phase separation was enhanced in all the
cases, showing coarser droplets or co-continuous phase separation. Again,
the EVA40 system showed no co-continuous phase separation.
Therefore, the ﬁrst two PE:EVAs system showed similar trends, whilst the PE:EVA40
appeared diﬀerent. The low molecular weight of the EVA40 is suggested to be the
cause of such eﬀect, which highlights how a non polar matrix can be eﬀectively
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5.5 Conclusions
Three diﬀerent polymer blend systems have been studied here, in which we have
varied the EVA content ( between 9, 18 and 40 %), the PE:EVA ratio ( between
80:20 and 60:40) and the time held in the melt. Melting traces have shown a
potential passive role of EVA9 in both blends, whilst this was not the case for the
EVA18 and EVA40. However, increasing the time in the melt, the enthalpy of the
LPE peak decreased and a co-crystallisation peak arose on the right shoulder of the
BPE peak. Being always present below the isothermal crystallisation temperature,
this is believed to be a LLPS eﬀect. Kinetic data supported a 3-dimensional
growth rate of the polymer blends. Blends 80:20 containing EVA9 and EVA40
showed similar values of K3, whilst all the 60:40 and the 80:20EVA18 showed
lower values of growth rate. This result suggests that the the increase of EVA
does not mean a decrease in the crystal growth rate. It is believed that the
EVA phase disrupts the growth rate of the PE blend when present at 40 % or
when the phase separation is present in the form of macrophase inclusions ( see
80:20EVA18). This hypothesis is strengthened by the morphology studies. That
is, the EVA9 and EVA40 systems showed submicron EVA inclusion. However, it
is believed that the EVA9 plays a passive role in the system, as seen from the
melting traces, whilst the low molecular weight of the EVA40 allows the PE blend
not to be disrupted by the inclusion of submicron EVA phase. On the contrary
the higher molecular weight of EVA18 reduces the growth rate, as seen from the
kinetic data and the macrophase separation in the SEM images. The increase of
melting time increases the coalescence of the EVA droplets that ultimately result
in co-continuous phase separation in EVA9 and EVA18 systems. Therefore we
would like to emphasise that the design of speciﬁc morphologies are possible by
varying the molecular weight and the polarity of the copolymer. This is a ﬁrst
potential step for the fabrication of nanocoposites based on a non polar matrix
and a low polar second phase, in order to maximise the exfoliation of the ﬁller.Chapter 6
Electrical Breakdown in PE/EVA
systems
In chapter 5 the eﬀect of adding EVA copolymers to 20:80 LPE:BPE polyethylene
blend (called PE) has been studied. In particular, the eﬀect of VA content and the
PE:EVA ratio has been described. By suitable processing, a range of morphologies
was produced and it was shown that the EVA, VA content can have an inﬂuence
on the microstructure. However, it was demonstrated that the molecular weight
can play an important role in inﬂuencing mixing a non polar matrix with polar
macromolecules. In this way, various morphologies with micro phase separation
were produced on increasing the VA content to 40 %. The time in the melt
was also used as variable in all the systems and this indicated a coarser phase
separation, ranging from droplets to co-continuous phase separation, depending
on the PE:EVA ratio and the molecular weight of the EVA.
So far, the previous study showed that it is possible to design tailored microstruc-
ture, without disrupting the morphological characteristics of the polyethylene
blend. This is, however, only a ﬁrst step towards designing nanocomposites ma-
terials, with particular interest in the dielectrics ﬁeld. In fact, one of the ultimate
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goals of this concept is to intercalate/exfoliate nanoﬁllers in a non polar matrix
with the through the addition of a relative polar macromolecule. However, be-
fore adding the ﬁller into the blends described previously, a study of the electrical
properties of the blends will follow in order to study the eﬀect of the polarity of
the EVA copolymers on the blends.
To date, only few studies have been undertaken on PE:EVA blends. Some break-
down tests have been performed on LDPE/EVA (22 % VA) composite under liquid
nitrogen temperature, showing a better performance of the composite material
than the single polymers [156]. Tu et al. [157] studied the electric breakdown
and space charge of LLDPE/EVA blends and suggested that the incorporation of
EVA reduces the concentration of deep trap charges such that the DC breakdown
characteristics at liquid nitrogen temperature improve with the addition of EVA
up to 4.6 % in weight. Lee et al. [158], instead, studied the mechanical properties
of XLPE blended with EVA and related the improved mechanical properties to
the retardation of water treeing growth in the blends examined. More recently,
Go et al. [159] studied the eﬀect on the AC dielectric strength of varying the ratio
of LLDPE:EVA, ﬁnding an optimum at 70:30. However, details of morphologies
were not shown. Only recently a more systematic work has been undertaken by
Hosier et al. [140] on the morphology and the electrical breakdown of EVA copoly-
mers and the eﬀect of adding polyethylene. Hosier and co-workers showed that the
breakdown behaviour can be improved by tailoring low VA content copolymer and
adding a fraction of the same of PE blend considered here (10 % w/w). However,
these authors suggested that a greater improvement of the electrical properties
could be achieved through the introduction of more LPE into the system.
In summary, the above ﬁndings put some positive premises on the present work.
From the blends studied in chapter 5, all the 60 min melted samples were elimi-
nated, because all morphologies showed enhanced phase separation, which could
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viously varying the EVA and VA content. All the samples were tested using the
standard procedure described in section 2.7. The polymer discs were melted at
150 ◦C for 5 min and then crystallised at 117 ◦C. Subsequently, the samples were
quenched in water. For each type of material, two diﬀerent batches were tested:
a ﬁrst batch was degassed in the vacuum oven, while a second was immersed in
water for 50 hr. Due to the polarity of the EVA, the addition of the water could
aﬀect the breakdown behaviour adversely.
6.1 Results and Discussion
Samples prepared as described previously exhibited diﬀerent morphologies, as de-
scribed in detail in chapter 5. Nevertheless, a short description of the key mi-
crostructural characteristic of each blend used for breakdown measurement is pro-
vided here.
Figure 6.1 shows the morphology of 80:20EVA9 samples. Banded spherulites are
present throughout all the sample and there is no evidence of macrophase sepa-
ration. Figure 6.2 typiﬁes the morphology of 60:40EVA9 blends. As can be seen,
a diﬀerent microstructure is observed from the 80:20EVA9. There is no evidence
of sperulites, but a co-continuous phase separation is detachable. This result sug-
gests that the addition of 40 % of EVA corresponds to phase inversion region.
Figure 6.3 and Figure 6.4 show the typical microstructures of blend containing
EVA18. In the case of 80:20EVA18, polyethylene is still able to form spherultites,
but the presence of a second phase is visible throughout the sample. The radius
of the second phase droplets are of the order of 2 µm, but some droplets reach a
maximum of several micron in diameter, as shown in Figure 6.3. On increasing
the EVA content, a co-continuous phase separation is observed. Figure 6.4 shows
the morphology of 60:40EVA18 blend, where the co-continuous phase separation
alternates between crystallised polyethylene and featureless EVA regions.Chapter 6 Electrical Breakdown in PE/EVA systems 136
Figure 6.1: Scanning electron micrograph of 80:20EVA9 melted for 5 min
and crystallised at 117 ◦C; no evidence of macroscopic phase separation. The
microstructure is dominated by PE spherulite.
Figure 6.2: Scanning electron micrograph of 60:40EVA9 melted for 5 min and
crystallised at 117 ◦C; presence of crystallised lamellae in polyethylene regions
and featureless regions related to EVA.Chapter 6 Electrical Breakdown in PE/EVA systems 137
Figure 6.3: Scanning electron micrograph of 80:20EVA18 melted for 5 min
and crystallised at 117 ◦C; Spherulites are visible throughout the specimen and
well established phase separation is present within the PE matrix;PE and EVA
result immiscible.
Figure 6.4: Scanning electron micrograph of 60:40EVA18 melted for 5 min
and crystallised at 117 ◦C; phase separation present all around the specimen.Chapter 6 Electrical Breakdown in PE/EVA systems 138
On increasing the VA content to 40 % in weight, diﬀerent morphologies develop,
compared with the previous two batches of blends. Figure 6.5 shows that crys-
tallised polyethyelene lamellae and some submicron EVA droplets are present in
the samples. Increaseing the EVA content does not produce a marked increase in
droplet size, but, rather gives rise to an overall increase in the number of submicron
droplets, as seen from Figure 6.6.
Figure 6.5: Scanning electron micrograph of 80:20EVA40 melted for 5 min
and crystallised at 117 ◦C.
Figure 6.6: Scanning electron micrograph of 60:40EVA40 melted for 5 min
and crystallised at 117 ◦C.Chapter 6 Electrical Breakdown in PE/EVA systems 139
6.2 Electrical Breakdown Results
Figure 6.7 compares the breakdown behaviour of three PE:EVA9 blend systems
with that of the PE blend alone, which was used here as a reference. From this, and
the related data in Table 6.1, it is evident that the breakdown behaviour of these
three materials is statistically equivalent and, in particular, is independent of the
EVA content up to 40 %. The initial premise that, while the addition of polar EVA
to polyethylene may be useful in connection with nanodielectric compounding,
a combination of the resultant phase structure and the low crystallinity of the
EVA would necessarily result in a reduction in breakdown strength is, evidently,
not correct. Although the EVA used here contains a relatively low vinyl acetate
content, as has been seen from the morphology studies, this is still suﬃcient to
facilitate interactions with non-polar systems.
Table 6.1: Weibull data derived from the plots of all the PE:EVA9 systems
System Degassed/Water E0(kV/mm) β
PE Degassed 181± 5 12
80 : 20EV A9 Degassed 178±4 11
60 : 40EV A9 Degassed 182± 3 18
Figure 6.8 shows typical Weibull plots comparing the behaviour of all 80:20EVA
described in this chapter. Although signiﬁcant scatter is present in these, a pro-
nounce decrease of E0 from the 80:20EVA9 blend to 80:20EVA18 to 80:20EVA40.
Nonetheless, despite a decrease in breakdown strength of the 80:20EVA18 com-
pared to the blend containing EVA9, the diﬀerence is negligible, with a strength
of 163 kV/mm. The 80:20EVA40, instead shows the lowest breakdown strength,
with E0 = 137 kV/mm. This result indicates that the increase of the polar group
( VA content) in the system aﬀects the electrical strength of the blends adversely.
Despite the fact that the 80:20EVA40 showed submicron droplets from the mor-
phology ( Figure 5.21), the VA content plays a negative role for the electrical
strength of the system. However, it seems reasonable that over the breakdownChapter 6 Electrical Breakdown in PE/EVA systems 140
Figure 6.7: Weibull plots comparing the breakdown behaviour of PE (H),
80:20EVA9 (•) and 60:40EVA9 (￿).
strength has increased due to the presence of 80 part of PE. Indeed, Hosier et al.
[140] studied the same materials with just 20 part of PE and found that blend of
20:80EVA40 exhibited a breakdown strength of 96 kV/mm after crystallisation at
117 ◦C. Nonetheless, from the present results and the related morphologies, it can
be concluded that the polarity seems to aﬀect more than the size of the second
phase.
A further investigation was conducted using the composition to 60:40 PE:EVA sys-
tems. Figure 6.9 and Figure 6.10 compare the breakdown behaviour of 80:20EVA18Chapter 6 Electrical Breakdown in PE/EVA systems 141
Figure 6.8: Weibull plots comparing the breakdown behaviour of 80:20EVA
at variation of VA content.
and EVA40 with that of 60:40EVA18 and EVA40. In the case of EVA18, there
are no major changes in the breakdown strength, so that the scatter data overlap
within the uncertainty limits, whilst the EVA40 shows a diﬀerent trend in the
case of 60:40EVA40. In fact, even though the values of E0 are similar, there is
a change in the β value that decreases with the increase of EVA in this system.
This decrease is caused by the presence of few data points below 100 kV/mm;
quantitative analysis provides no statistical justiﬁcation for censoring the data
set. Therefore, assuming that this eﬀect is real, it could be related to both theChapter 6 Electrical Breakdown in PE/EVA systems 142
polarity and the presence of macrophase separation within the system, otherwise
this result is just consequence of the outliers. Indeed, comparing the β values of
all the blend shown in Table 6.2, 60:40EVA40 blend is the only one with a much
higher β, while the others are comparable. This would suggest that there are no
diﬀerences in breakdown behaviour between 80:20EVA and 60:40EVA blends. As
Figure 6.9: Weibull plots showing the eﬀect on the breakdown behaviour of
the PE:EVA18 system of varying the composition: 80:20EVA18 samples (•) and
60:40EVA18 (◦).
mentioned at the beginning of this study, the eﬀect of water has been considered
here, in order to verify if the polar part of the blends would be aﬀected by it. Typ-
ical data obtained from 60:40EVA9 samples that had been immersed in distilledChapter 6 Electrical Breakdown in PE/EVA systems 143
Figure 6.10: Weibull plots showing the eﬀect on the breakdown behaviour of
PE:EVA40 system of varying the composition: 80:20EVA40 samples (￿) and
60:40EVA40 (￿).
water for 50 hr at room temperature are shown in Figure 6.11; these data suggest
that this has no adverse consequences, even in a system containing 40 % EVA, re-
sulting independent of the presence of water. Figure 6.12(a) and 6.12(b) compare
the breakdown behaviour of degassed 80:20EVA18 and 60:40EVA18 samples that
have been immersed in distilled water. From this result it can be seen that all
the samples show a decrease in the case of system immersed into water. Therefore
the increase of of polarity allowed the penetration of water in the system which
aﬀected the the strength of the blends. Figure 6.13(a) and 6.13(b) compare theChapter 6 Electrical Breakdown in PE/EVA systems 144
breakdown behaviour of degassed 80:20EVA40 and 60:40EVA40 samples that have
been immersed in distilled water.
From these results, despite the general decrease of breakdown from the PE:EVA9
system, it seems that the water has no eﬀect in the case of 80:20EVA40 ( Figure
6.13(a), while it does aﬀect the second system. To summarise the above results,
Table 6.2 shows the quantitative data of E0 and β:
Table 6.2: Weibull data derived from the plots of all the PE:EVA systems
System Degassed/Water E0(kV/mm) β
PE Degassed 181± 5 12
80 : 20EV A9 Degassed 178± 4 11
80 : 20EV A9 Water 181± 5 14
60 : 40EV A9 Degassed 182± 3 18
60 : 40EV A9 Water 186± 4 17
80 : 20EV A18 Degassed 163± 4 10
80 : 20EV A18 Water 137± 5 11
60 : 40EV A18 Degassed 160± 6 12
60 : 40EV A18 Water 145± 5 10
80 : 20EV A40 Degassed 137± 5 11
80 : 20EV A40 Water 137± 6 10
60 : 40EV A40 Degassed 130± 2 27
60 : 40EV A40 Water 123± 3 11
As it can be seen, the breakdown strength decrease with the presence of water,
except for 80:20EVA9 and 80:20EVA40. In the ﬁrst blend, the polar group is low
and well dispersed in the system, therefore the water sorption is negligible. On the
contraty, two explanations can be proposed from the result in 80:20EVA40 blend.
First, it could be related to uncertainty in the technique used, but it would be
strange that just one of the material do not show any aﬀect from the water. In a
second explanation, it is tempting to ascribe this phenomenon to the size of the
EVA droplets in the system, which are at the sumicron dimension in the case of
PE:EVA9 and 80:20EVA40 blends ( as seen in Figure 5.10 and 5.21), whilst the
other blends show radius of several micron. Therefore, the water could penetrate
easier in the second type of droplets than the ﬁrst one. This would mean thatChapter 6 Electrical Breakdown in PE/EVA systems 145
a tailored design of the morphology can inﬂuence both the breakdown strength
and the water penetration. Marais et al. [160] studied the water permeation in
non polar polymers ( LDPE and iPP) and some polar copolymers, included EVA
varying the VA content. They found that the rate at which the water migrates in
a polymer depends on the local concentration. From the micrographs, the local
concentration of polar group is lower in the PE:EVA40 than PE:EVA9 and EVA18
due to the ﬁne droplets dispersion and this allows a non permeation of water after
50 hr.
Figure 6.11: Weibull plots comparing the breakdown behaviour of 60:40EVA9
(￿) with that of the same material after immersion for 50 hr in distilled water
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(a) 80:20EVA18
(b) 60:40EVA18
Figure 6.12: Breakdown plots of PE:EVA18 (•) varying the composition and
the eﬀect of water (◦).Chapter 6 Electrical Breakdown in PE/EVA systems 147
(a) 80:20EVA40
(b) 60:40EVA40
Figure 6.13: Breakdown plots of PE:EVA40 (•) varying the composition and
the eﬀect of water (◦).Chapter 6 Electrical Breakdown in PE/EVA systems 148
6.3 Conclusion
The breakdown behaviour of PE:EVA9 blend systems appears to be independent
of composition, and a range of structural probes indicate an absence of macro-
scopic phase separation. All blends exhibit space-ﬁlling spherultic morphologies,
irrespective of composition. If the addition of the EVA does not disrupt this el-
ement of the material’s morphology, then short term breakdown does not appear
to greatly aﬀected. Thus, we can explain the observations reported above via the
hypothesis that the added EVA is relatively miscible with PE at low vinyl acetate
content.
The increase in VA content changes the morphology of the blend PE:EVA18,
resulting in a macro phase separation. The breakdown behaviour of these systems
are no longer independent of the EVA content. The EVA phase is dispersed into
the PE matrix in micro particles, therefore the breakdown is aﬀected by the EVA
phase. Moreover exposure of the system to the water results in a penalty for the
blend therefore it is not suitable as dielectric material. Although 80:20EVA40
blend showed a decrease in breakdown strength, suggesting a penalty due to the
polarity of the EVA, it revealed behaviour that was indipendent of the immersion
in water. This suggests that the morphology and dimension of the second phase
plays an important role in the absorption of water by the system. While this
interpretation is consistent with all the data, it is not intuitively obvious why a
blend of polar and non-polar polymers should behave in this way.Chapter 7
EVA/MMT nanocomposites
7.1 Introduction
In the previous chapter, the eﬀect of the morphology of PE/EVA blends on di-
electric breakdown was examined. By suitable processing and crystallisation at
a speciﬁc temperature, a designed blend was demonstrated to maintain similar
breakdown strength to the virgin PE blend. In particular EVA9 and EVA18
based blends were found to be suitable for further dielectric applications. On
the contrary, PE:EVA40 showed low brewakdown strength and for that reason
no further studied will be undertaken. However, PE:EVA9 blends showed a sin-
gle phase structure at the micro dimension, whilst PE:EVA18 resulted in a two
phase system. In this chapter the possibility of designing a polyethylene based
nanocomposite through the presence of a relative polar EVA in the system will be
investigated. A preliminary study was conducted with the EVA based nanocom-
posite to determine if, in the presence of a ﬁller, the dielectric properties of the
nanocomposite would decrease. Before undertaking this study, a short review of
the nature of nanocomposites is presented.
Nanocomposites are a relative recent class of composite materials in which the
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dispersed particles have at least one nanometric dimension. This is the most
widely used deﬁnition of nanocomposites, even if other criteria can also be used to
identify nanocomposites [161], based on the huge surface area generally associated
with these nano-ﬁllers instead of on the linear dimensions of the particles. The
surface area plays a major role in the modiﬁcation of the matrix properties. As
explained at the beginning of this work, several types of ﬁller are used and they
can have from one to three of their dimensions of nanometer size.
7.2 Polymer Layered Silicate (PLC) Nanocom-
posites
Although the intercalation chemistry of polymers when mixed with appropriately
modiﬁed layered silicate has been known for a long time, the ﬁeld of polymer/lay-
ered silicate (PLS) nanocomposites has gained considerable interest only relatively
recently. Two major ﬁndings stimulated the interest in these materials. Firstly, in
1986 the ﬁrst nylon-6-clay hybrid (NCH) was created at Toyota Central Research
and Development Laboratories (TCRDL). The idea of combining nylon and a clay
mineral arose from the inspiration of Dr. Kamigaito at TCRDL [162]. This work
led to the preparation of the ﬁrst exfoliated nylon 6 nanocomposite via in-situ poly-
merization of ε-caprolactam in which alkylammonium modiﬁed montmorillonite
(MMT) was thoroughly dispersed in advance [163]. The resulting composite with
a loading of only 4.7% wt of clay showed excellent properties. Nowadays these
hybrid techniques have been successfully applied to various polymer systems, and
other industrial applications have been developed, especially in the ﬁelds of auto-
motive interior and exterior panels, barrier ﬁlms for packaging and ﬂame retardant
plastics.Chapter 7 EVA/MMT nanocomposites 151
7.2.1 Structure and Properties of PLC
The commonly used layered silicates that are used for the preparation of PLS
nanocomposites belong to the same general family of 2:1 layered phyllosilicates,
whose most widely known members are talc and mica. Phyllosilicates are con-
stituted of large irregular aggregates (0.1-10 µm in diameter) formed by primary
particles (8-10 nm thick). These, in turn, are formed by ﬁve to ten high aspect
ratio lamellae (of about 100-200 nm in diameter and 1 nm in thickness) associ-
ated by interlayer ions (ﬁgure 7.1). The crystal structure of each lamella [57, 164]
Figure 7.1: Schematic structure of a montmorillonite clay.
consists of two tetrahedrally coordinated silica sheets fused to an edge-shared oc-
tahedral sheet of either aluminium or magnesium hydroxide. The layer thickness
is 0.1 nm and the lateral dimensions may vary from 30 nm to several microns or
larger, depending on the particular layered silicate. Stacking of the layers leads
to a regular Van der Waals gap between the layers called the interlayer region or
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Isomorphic substitution within the layers (for example in montmorillonite Al3+
is replaced by Mg2+ or by Fe2+, or in hectorite Mg2+ replaced by Li1+) gener-
ates negative charges that are counterbalanced by alkali and alkaline earth cations
situated inside the galleries. Due to the high hydrophilicity of the clay, water
molecules are usually also present between the layers. Layered silicates have two
types of structure: tetrahedral-substituted and octahedral substituted. In the case
of tetrahedrally substituted layered silicates, the negative charge is located on the
surface of silicate layers, and hence the polymer matrices can interact more read-
ily with these than with octahedrally-substituted material [164]. Montmorillonite,
hectorite, and saponite are the most commonly used layered silicates since they
are easily available from natural minerals. These types of layered silicates are
characterized by a moderate surface charge, deriving from isomorphic substitu-
tion, known as the cation exchange capacity (CEC) and generally expressed as
milliequivalent (meq) per 100 g ( meq/100 g). This charge is not locally constant,
but varies from layer to layer, and must be considered as an average value over
the whole crystal. CEC represents the maximum amount of cations that can be
taken up by the clay. For instance, the CEC of montmorillonite varies from 80 to
150 meq/100 g.
7.2.2 Organically Modiﬁed Clays (Organoclays)
In order to render layered silicates more organophilic, and thus compatible with
other polymer matrices, the normally hydrophilic silicate surface must be con-
verted to organophilic, which makes the intercalation of many polymers possible.
Generally, this can be done by ion-exchange reactions with cationic surfactants
(organic modiﬁers). The ﬁrst organic modiﬁers used in the synthesis of nanocom-
posites (nylon-6-clay hybrids at Toyota) were amino acids [165]. Other types of
compatibilising agents have been used since then in the synthesis of nanocompos-
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phosphonium and especially alkyl-ammonium cations, because they can be ex-
changed easily with the ions situated between the layers. The role of organic
cations in the organo-modiﬁed silicate (organoclay) is to lower the surface energy
of the inorganic host and to improve the wetting characteristics of the polymer
matrix. Additionally, alkyl-ammonium or alkyl-phosphonium cations can provide
functional groups that can react with the polymer matrix or, in some cases, initiate
the polymerization of monomers to improve the strength of the interface between
the inorganic host and the polymeric matrix. The replacement of pristine inor-
ganic cations by organic onium ions on the gallery surfaces of layered clays not
only serves to match the clay surface polarity with the polarity of the polymer,
but it also expands the clay galleries. This facilitates the penetration of the clay
gallery space (intercalation) by polymers. Depending on the charge density of the
clay (CEC) and on the chain length of the ionic surfactant, diﬀerent arrangements
of ions are possible [57]. In general, the longer the surfactant chain length and
the higher the charge density of the clay, the further apart the clay layers will be
forced [166]. In a given temperature range, the charge density of the clay and the
chain length of the ions determine also the orientation of the ions [167].
The ﬁrst ideas concerning the orientation of ion chains in organoclays were de-
duced from infrared and X-ray diﬀractometry measurements [167]. Later, a more
detailed description was proposed by Vaia and Giannelis [168]. Based on Fourier
transform infrared spectroscopy (FTIR) experiments, they found that alkyl chains
can vary from liquid-like to solid-like, with the liquid-like structure dominating as
the interlayer density or chain length decreases or as the temperature increases.
This results from an increase in the gauche/trans conformer ratio. Besides play-
ing a major role in determining the interlayer arrangement of the ions, the chain
length of the organic modiﬁer has a strong impact on the resulting structure of
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7.2.3 Structure of Polymer/Layered Silicate Nanocompos-
ites
Depending on the nature of the components used (layered silicate, organic mod-
iﬁer and polymeric matrix) and on the method of preparation, diﬀerent types of
polymer/layered silicate nanocomposites [45] are thermodynamically achievable
(Figure 7.2):
• Agglomerated nanocomposites: the polymeric matrix is not able to expand
the distances between the iterlayer galleries, such that clusters are present
within polymer that are commonly called tactoids.
• Intercalated nanocomposites: in this type of nanocomposites, the insertion
of the polymer matrix into the layered silicate structure occurs in a crys-
tallographically regular manner, regardless of polymer to organoclay ratio.
Intercalated organoclay sheets are normally interlayered by a few molecular
layers of extended polymer chains.
• Exfoliated nanocomposites: in an ideally exfoliated nanocomposite, the in-
dividual clay layers are completely and uniformly dispersed in a continuous
polymer matrix by an average distance that depends on clay loading.
In an exfoliated nanocomposite the interlayer expansion is comparable to the ra-
dius of gyration of the polymer rather than to that of an extended chain as in the
case of intercalated hybrids. Usually, the clay content of an exfoliated nanocom-
posite is much lower than that of an intercalated nanocomposite. The exfoliated
conﬁguration is of particular interest because it maximises the polymer-clay inter-
actions, making the entire surface of the layers available to the polymer. When
the polymer is unable to intercalate between the silicate sheets, a phase separated
composite is obtained, whose properties stay in the same range as traditional
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Figure 7.2: Schematic structure of a montmorillonite clay within a polymer.
7.2.4 Properties of Polymer/Layered Silicate Nanocom-
posites
Polymer/layered silicate nanocomposites often exhibit attractive improvement of
material properties when compared with pure polymer or conventional composites
(both micro and macro-composites). These improvements can include high mod-
uli, increased strength and heat resistance, reduced solvent uptake, decreased gas
and vapour permeability and reduced ﬂammability ([169, 170, 171]). The main
reason for the improved properties of nanocomposites is the interfacial interaction
between the polymer matrix and organoclays compared with conventional com-
posites. Layered silicates have layer thickness of the order of 1 nm and very high
aspect ratios [57].
Although the mechanical, ﬂame retardant, gas barrier properties etc have been
widely studied, the same cannot be said for dielectric properties. Cao et al. [172]
showed improved breakdown strength for polyamide loaded with alumina nanopar-
ticles. It has been shown that nanoﬁllers with proper orientation can act as bar-Chapter 7 EVA/MMT nanocomposites 156
rier. Gustavino et al. [173] studied EVA loaded with modiﬁed MMT and noticed
a longer life time under high voltage application than the pure EVA. In a later
study Gustavino et al. [174] observed changed tree propagation in EVA based
nanocomposites and attributed this phenomenon to the presence of the nanoﬁller,
which was acting as barriers. Lewis attributed the improved properties of such
new classes of materials to the interface between the polymer and the ﬁller [59].
Various theories concerning the role of the interface have been proposed, but the
mechanisms by which charges move in a polymer nanocomposite remains unclear
([126, 175, 176]). Recently, Vaughan et al. [177] investigated the eﬀect of MMT
clay on structural properties in polyethylene and observed improved breakdown
strength when the material was processed through extrusion. However, Green et
al. [61] showed the presence of tactoids through TEM technique, although the
material was processed through extrusion. One of the reason for this result could
be attributed to the non polar nature of the polyethylene.
The purpose of this study is the fabrication of a nanocomposite based on a PE
matrix. The intercalation and exfoliation of MMT is rather diﬃcult in a pure PE
blend, due to the non polar nature of the matrix and, therefore, the addition of
EVA to the PE could result a strategic way to obtain a nanocomposite. Moreover,
the previous chapter has shown that blends containing EVA9 and EVA18 are
suitable for dielectric applications. Therefore, a study on the dispersion of two
organo modiﬁed MMT in EVA9 and EVA18 is reported here.
7.3 Experimental
All the specimens were prepared via solution blending; the time for which the
compounds were left in solution was varied from 10 min to 100 min. At ﬁrst, all
the specimens were prepared as shown in section 2.1. However, clay was observed
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of test was conducted on the clay using diﬀerent solvents. An optimum solvent
was identiﬁed in cholorobenzene. For that reason, the clay was dispersed in a
10 % solution of chlorobenezene with the aid of ultrasonication for 30 min before
being added to the solution of polymer in xylene. The materials so produced were
based on EVA9 and EVA18 and the two organomodiﬁed clays are I30P and I44PA,
obtained from Nanocor (USA). Samples were dried in the vacuum oven overnight
and disks of 500 µm thickness were prepared for X-ray scattering and disks 70 µm
thick were prepared for breakdown testing.
7.4 Results and Discussion
7.4.1 X-Ray Scattering
All the samples were investigated using the Brucker D5005 diﬀractometer at the
University of Trieste. WAXS patterns were recorded in the range of Q = 1.4-7
nm−1, where the scattering vector Q is given by the Equation:
Q =
2π
d
=
4π
λ
sinθ (7.1)
where d is the inter planar spacing, λ is the X-ray wavelength and θ is the scattering
angle.
Figure 7.3 shows diﬀraction patterns obtained from the I30P and I44PA clays and
the relevant EVA9:MMT nanocomposites processed in solution for diﬀerent times.
The same X-ray data are presented in two diﬀerent Figures in order to highlight
the main diﬀerences in the scattering data. Figure 7.3(a) shows the diﬀraction
peak of I30P at Q = 3.1 nm−1 which corresponds to the interlayer spacing of 2.02
nm, whilst the I44PA peak corresponds to 2.3 nm. From Figure 7.3(b), EVA9:I30P
processed through solution blending for 10 min show little evidence of diﬀractionChapter 7 EVA/MMT nanocomposites 158
(a) WAXS on EVA9:MMT intercalation arrowed (b) WAXS on EVA9:MMT: 2nd order peak after 100 min
solution blending
Figure 7.3: WAXS data of EVA9 5 % wt o-MMT: From the bottom I30P and
I44PA reference clay, respectively. EVA9:o-MMT processed for 10 min show no
evidence of diﬀraction peaks, whilst same materials processed for 100 min show
diﬀraction peaks at 3.8 nm−1.
peak. However, a peak may can be observed in the range of Q = 1.8-2 nm−1
(green line). Increasing the time of solution blending to 100 min, EVA9:I30P still
shows an intercalation peak at around Q = 2 nm−1 and an additional second peak
at Q = 3.8 nm−1. EVA9:I44PA processed for 10 min may show an increase in the
scattering at around 2 nm−1, indicating intercalation with partial disorder of the
clay. This result could indicate a potential exfoliation of the I44PA clay in the
system after 10 min. However, Green et al. [61] correlated potential WAXS results
with TEM images and concluded that this is not always the case. Increasing the
solution blending time to 100 min, a peak is present at 2.8 nm1 which could indicate
some intercalation of EVA chains between the galleries of the MMT. However, an
additional peak is present at 3.8 nm−1. This peak corresponds to an interlayer
distance of 1.7 nm. This secondary peak could derive from a fraction of clay that
has not increase the distance of the galleries. Otherwise it could be consequenceChapter 7 EVA/MMT nanocomposites 159
of the solution blending process that washes out the surfactants from the galleries.
Figure 7.4 shows diﬀraction data obtained for the EVA18 based nanocomposites.
As for the EVA9 diﬀraction patterns, the two MMT reference are shown ( black
and red patterns). Figure 7.4(b) shows no or little presence of peaks at low Q
values, therefore it can be concluded that the increase of VA content increase the
disorder of the platelets. Chaudhary et al. [178] showed that the increase of po-
larity in EVA copolymers increase the intercalation of the clay and exfoliation is
reached at 28 % of VA content. Moreover, De Souza et al. [179] reported that the
VA content together with the mobility of the chain plays an important role in the
dispersion of the MMT. The above result is also in agreement with the work of
Morgan and Harris [180] on the preparation of polymer/clay nanocomposite via so-
lution blending. These workers reported a higher intercalation/exfoliation of clay
in polystyrene when accomplished with sonication. Whilst specimens prepared in
solution for 10 min show no evidence of a diﬀraction peak, EVA9:I44PA processed
for 100 min shows two broad peaks between 3.5 and 3.8 nm−1, as shown in Figure
7.4(b) (arrowed). Acharya et al. [181] studied ethylene propylene diene terpoly-
mer/EVA/MMT nanocomposite and also observed the presence of a peak relative
to a distance of 1.7 nm, similar to our ﬁnding. Therefore, in both systems, the
long residence time in solution induces a peak at higher Q. Diﬀerent explanations
could be given for the origin of these peaks. First of all, the presence of these peaks
appear only after 100 min in solution. This ﬁnding suggests that the solution pro-
cess has an inﬂuence on the ordering of the platelets of the two modiﬁed MMTs.
However, the origin of the peaks could be a second order peak from some clay
that forms tactoids. However, if this explanation seems reasonable, Figure 7.4(b)
evidences that the EVA9:I44PA peak follows outside of the original I44PA scatter
area. This could suggests that this peak does not correspond just to some I44PA
tactoids but to some clay that lost part of the surfactant. Acharya et al. [181]
suggested that expulsion of ions from the gallery leads to a collapse of the plateletsChapter 7 EVA/MMT nanocomposites 160
and gives rise to the peak at 1.7 nm. Filippi et al. [182] compared high density
polyethylene loaded with a commercial clay prepared by melt-compounding and
solution-blending. They found that the the MMT surfactant can be removed by
the solvent and this was conﬁrmed by X-ray diﬀraction with a decrease of the
interlayer spacing. On the contrary, Kulia et al. [183] showed that exfoliation of
an EVA nanocomposite is achievable only if a speciﬁc solvent is chosen. That is,
the long residence time in solution can lead to a detachment of the surfactant from
the clay. If this is the case, it is still not clear why the peak increase with increase
of VA content. In summary, it can be conclude that 10 min solution blending with
(a) WAXS on EVA18:MMT intercalation arrowed (b) WAXS on EVA18:MMT: 2nd peak after 100 min so-
lution blending
Figure 7.4: WAXS data of EVA18 5 % wt o-MMT: From the bottom I30P
and I44PA reference clay, respectively. EVA18:o-MMT processed for 10 min
show no evidence of diﬀraction peaks, whilst same materials processed for 100
min show diﬀraction peaks at 3 nm1.
the aid of sonication can be a valuable way to increase the interlayer distances
of the organomodiﬁed clays. However, the increase of solution processing seems
to wash part of the surfactant out and therefore decreases the interlayer distance
in at least a fraction of the clay. This conclusion is supported from other similarChapter 7 EVA/MMT nanocomposites 161
results found in the literature ([181, 182, 184]).
7.5 Diﬀerential Scanning Calorimetry
Figure 7.5 shows melting traces obtained from quenched samples of EVA9 loaded
with 5% wt of o-MMT. At the bottom, the EVA9 shows just one peak correspond-
ing to the crystalline part of EVA9 at 95 ◦C. The same trend is seen in the case
of EVA9 loaded with I30P and I44PA. The only diﬀerence is a slight depression
Figure 7.5: Melting traces of quenched EVA9, EVA9:I30P and EVA9:I44PA
processed for 10 min and 100 min in solution blending.Chapter 7 EVA/MMT nanocomposites 162
Figure 7.6: Melting traces of quenched EVA18, EVA18:I30P and
EVA18:I44PA processed for 10 min and 100 min in solution blending.
of the peak, which is present in all the samples and which could be attributed to
interactions between the EVA chains and the ﬁllers. Figure 7.6 shows a diﬀerent
scenario from Figure 7.5. The EVA18 melting trace can be observed at the bottom
of this ﬁgure with a melting peak at 84 ◦C. The addition of I30P gives rise to a
secondary peak in the range of 77-80 ◦C. This peak could be attributed to some
lamellar regions of diﬀerent molecular weight. Increasing the solution melting time
to 100 min, the same secondary peak on EVA18:I30P is observed. Vaughan et al.
[177] observed an increase of K3 in polyethylene/MMT nanocomposite and sug-Chapter 7 EVA/MMT nanocomposites 163
gested that the clay could act as a nucleation site for the polymer. Therefore, the
increase in the secondary peak in EVA18:I30P could derive from some polymer
chains that nucleate on the MMT. On the contrary EVA18:I44PA the EVA peak
results similar to the unﬁlled EVA18.
7.5.1 Electrical Breakdown
Samples prepared in Specac press were degassed and then tested in the usual
breakdown rig. Figure 7.7 shows Weibull plots of unﬁlled EVA9, compared with
samples loaded with I30P processed through solution blending for 10 min and 100
min, respectively. A decrease in breakdown strength is noticed with the addition
of the clay to the polymer. However, the processing time seems not to inﬂuence
the breakdown. Figure 7.8 shows Weibull plots for the EVA9 samples loaded with
I44PA and processed for 10 and 100 min in solution blending. In this case, the
results from the various systems are largely indistinguishable from one another,
indicating that the addition of I44PA seems not to aﬀect the breakdown strength
of the EVA9. These results suggest that the type of modiﬁed MMT and the
time used to process it can both inﬂuence the breakdown behaviour of the ﬁnal
material. X-ray results show a less intense intercalation peak for EVA9:I44PA
than EVA9:I30P, which could suggest that the increase in the disorder between
the MMT layers play a key element in breakdown performance, as suggested by
Vaughan [177]. EVA9 nanocomposites based on I30P seem to be aﬀected by the
solution blending time, which is related to diﬀerent intercalation/exofoliation of
the specimens.
However, Vaughan at al [177] observed a decrease in breakdown strength when the
clay was poorly dispersed. This is in contrast with our results because presence of
more ordered clay was observed when the specimens were processed for 100 min.
The following table 7.1 summarises the E0 and β for all the EVA9. From theseChapter 7 EVA/MMT nanocomposites 164
Figure 7.7: Breakdown strength of EVA9:I30P after 10 min and 100 min in
solution.
Table 7.1: Weibull data derived from the plots of all the EVA9 nanocomposite
systems
Materials β E0(kV/mm)
EV A9 22.45 146.8 ± 5
EV A9 : I30P 10 mins 13.9 130.8 ± 3
EV A9 : I30P100mins 18.6 124.4 ± 4
EV A9 : I44PA10mins 16.32 142.36 ± 5
EV A9 : I44PA100mins 15.2 151.59 ± 2Chapter 7 EVA/MMT nanocomposites 165
Figure 7.8: Breakdown strength of EVA9:I44PA after 10 min and 100 min in
solution.
data, it can be seen that EVA9 loaded with I30P shows a decreases in breakdown
strength from 146.8 kV for the unloaded material to the 124.4 kV for the loaded
material that had been processed for 100 min. Conversely, specimens loaded with
I44PA show similar breakdown strength within the uncertainties.
Figure 7.9 shows Weibull plots for samples EVA18 nanocomposites loaded with
I30P. Although there are no real diﬀerence in breakdown strength, a trend can
still be seen. In fact, only below 20 % of the cumulative failure probability the
results are comparable. Above they can be treated as separate events. Therefore,Chapter 7 EVA/MMT nanocomposites 166
the introduction of I30P shows a decrease in the breakdown strength for samples
processed in solution blending for 10 and 100 min. Figure 7.10 represents Weibull
plots for the same EVA18 loaded with I44PA. In this case, EVA18:I44PA 10 min
overlaps with the reference material, whilst EVA18:I44PA 100 min shows same
decrease. Again, this could be attributed to the MMT aggregates seen from the
X-ray and ﬁnds an agreement with other published works. [61, 177, 185].
Figure 7.9: Breakdown strength of EVA18:I30P after 10 min and 100 min in
solution.
Recently, Vaughan et al. [177] showed the eﬀect of the processing method on the
dispersion of the MMT and the eﬀect on the breakdown characteristics. A notice-
able decrease was observed in the case of the nanocomposite processed through
solution blending. Table 7.2 shows the values for E0 and β of all the EVA18Chapter 7 EVA/MMT nanocomposites 167
Figure 7.10: Breakdown strength of EVA18:I44PA after 10 min and 100 min
in solution.
nanocomposites:
Table 7.2: Weibull data derived from the plots of all the EVA18 nanocomposite
systems
Materials β E0(kV/mm)
EV A18 18.5 141.7 ±4
EV A18 : I30P10mins 18.9 130.89 ±5
EV A18 : I30P100mins 18.5 134.4 ±3
EV A18 : I44PA10mins 22.8 142.15 ±7
EV A18 : I44PA100mins 16.9 134.2 ±5
Comparing these results to the type of clay and the processing used, two major
conclusions can be drawn. First, the processing of the materials through solutionChapter 7 EVA/MMT nanocomposites 168
blending can aﬀect the interlayer galleries and play as a penalty in the intercala-
tion/exfolation of the MMT with a relative polar copolymer as the ethylene vinyl
acetate. However, the type of organomodiﬁed MMT can aﬀect the dielectric prop-
erties of the materials. In fact, I44PA, a montmorillonite modiﬁed by displacing
the sodium cation in the phyllosilicate by using a dimethyldialkyl ammoniumchlo-
ride, has shown a greater propensity for intercalation of both EVA9 and EVA18
which gives a comparable breakdown performance to that of the unﬁlled copoly-
mer. However the I30P, a MMT organically modiﬁed with octadecylamine, give
some decrease in the breakdown behaviour and this can be associated with the
intercalation of the clay. Moreover, the long residence time in solution occurred
the formation of tactoids which show to decrease the breakdown strength of the
nanocomposites. This conclusion is supported by a previous study from Vaughan
et al. [177], which investigated the breakdown strength of a polyethylene 5 % wt
I30P processed through solution. They related the improvement of the breakdown
strength to the structural ordering of the the polymer with the clay. More recently,
Green et al. [61] reached a similar conclusion from the same material processed
through extrusion.
7.6 Conclusion
The premises of this study was to investigate the intercalation of the two diﬀer-
ent organomodiﬁed MMT within ethylene vinyl acetates. Two relatively polar
copolymers, EVA9 and EVA18, were chosen due to their dielectric properties in
polyethylene blends shown in the previous chapter. The results shown here pro-
vide an indication of the intercalation that occurs in EVA/MMT nanocomposites,
which was subsequently related to breakdown behaviour.
From these results it can be concluded that the EVA represents a potential material
for the dispersion, intercalation and exfoliation of clay in the polymer matrix. TheChapter 7 EVA/MMT nanocomposites 169
EVA9:I30P nanocomposite showed a decrease the electrical properties ,whilst this
was not the case for I44PA based nanocomposites. The X-ray scattering proved
a shift in the clay peak from the organomodiﬁed clay to the EVA/MMT systems
and conﬁrmed the potential exfoliation of the clay in the matrix in the combined
presence of ultrasound and short solution residence times. However, long residence
times in the solvent appeared to result in surfactant being extracted from the two
organomodiﬁed clays, such that the associated breakdown strengths were adversely
aﬀected by the presence of MMT clusters.
In conclusion, a relation between the chemical modiﬁcation of the clay and the dis-
persion has been shown. This work is a ﬁrst step for a polyethylene nanostructured
dielectric.Chapter 8
Conclusions
The aim of this thesis was to study the relationship between morphology and
properties in the presence of polar additives of diﬀerent nature. In Chapter 3, the
morphology of a 20 % LPE : 80 % BPE blend was studied with the addition of
DBS, a nucleation agent. It was found that the DBS forms a network of ﬁbrils,
when present above 1 % wt. SEM micrographs showed the nucleation of the
PE blend perpendicular to the ﬁbrils. When the DBS was present at 0.3 %,
micrographs did not show direct evidence of the ﬁbrils, but from Avrami analysis,
a strong nucleation eﬀect was evident. However, the nucleation eﬀect of the DBS
at all the concentrations was found to be temperature dependent. An abrupt
decrease occurred in the range of 118-120 ◦C which, it was proposed, might be
related to the ratio of polymer nuclei size and ﬁbril size. Moreover, the nucleation
of PE on DBS was studied through induction time analysis. A ﬁrst approach
suggested by Muchova and Lednick´ y’s theory was followed, but due to some of
their assumptions, a new theory has been proposed. In this way, it was found that
the DBS decreases the surface energy of the polyethylene crystals and therefore
the nucleation of PE is favoured on the DBS. This study also showed a lower
surface energy when the DBS is present in 0.3 % than 1-3 % and this ﬁnding has
suggested that the nature of the DBS at low concentration may be diﬀerent from
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that at high concentrations. The relationship between the morphology and the
space charge transport was examined in Chapter 4. Here, it was shown how the
presence of a polar molecule can change the type of charge and the transport of
it under an applied electric ﬁeld. In particular, the addition of 0.3 % DBS has
been revealed to be suﬃcient to improve the space charge transport with shallow
traps, whilst the addition of more DBS created deep trap charges. From here it
was clear that the amount of DBS plays an important role in charge transport,
and that it can improve space charge characteristics.
In recent years the development of a new class of materials, polymer nanocompos-
ites, has generated considerable interest in both the research and engineering ﬁelds.
Although polymer nanocomposites have demonstrated improved many properties,
some unsolved problem are still present. Among them, the dispersion of nanoﬁller
in polyoleﬁn can be diﬃcult, due to the apolar nature of polymers, like polyethy-
lene compared with the polar nature of the ﬁllers. For this reason in Chapter 5
we studied the morphology of the 20 % LPE : 80 % BPE blend with the addition
of a relatively polar EVA copolymer, as model for a future dispersion of organo
modiﬁed MMT ﬁller. The ratio between PE:EVA was varied together with the VA
content. Two main conclusions were reached in this study. If the time in the melt
is carefully chosen, a designed morphology can be achieved. Secondly, the phase
separation of EVA in PE in form of droplets can be controlled choosing a relative
low molecular weight of the EVA, as shown in the case of EVA40. In fact, in
this particular case the dimension of the EVA droplets was signiﬁcantly decreased
from that seen in PE:EVA18, which had a higher molecular weight. This study was
therefore a ﬁrst potential step towards the fabrication of nanocomposites based
on a non polar matrix and a low polar second phase, in order to maximise the
exfoliation of the ﬁller. In order to see if such blends mey be suitable for dielectric
applications a further study of the breakdown behaviour of PE:EVA blends was
conducted in Chapter 6. This work showed that the morphology of the blendChapter 8 Conclusions 172
was not as important as the polarity of the EVA in determining the breakdown
characteristics. In fact, a monotonic decrease of the breakdown behaviour was
observed with increased VA content. Moreover, the breakdown characteristic were
aﬀected if water was present. However, the behaviour of the 80:20EVA40 blend
was found to be independent from the water and it was suggested that, in this
case, the morphology could play an important role. Therefore, the possibility of
designing a polyethylene based nanocomposite through the presence of a relative
polar EVA in the system has shown to be possible when the VA is present up to
18 % wt.
In chapter 7, a preliminary study was conducted with EVA based nanocomposite
to determine if, in the presence of a ﬁller, the dielectric properties of the nanocom-
posite would be aﬀected. As seen from Chapter 6, the blends containing EVA40
showed the worst breakdown characteristics and, therefore, this copolymer was not
studied further. Two relatively polar copolymers, EVA9 and EVA18, were pro-
cessed by solution blending together with 5 % of o-MMT ( I30P and I44PA), and
the time of solution blending was varied from 10 min to 100 min. X-ray scattering
data showed intercalation in the case of EVA9 based nanocomposite and potential
exfoliation for EVA18 based nanocomposite. However, the X-rays also showed
the presence of an additional peak at higher Q values when the materials were
processed for 100 min. It was suggested that the solution blending could extract a
fraction of the organo modiﬁed ions present between the MMT galleries, shrinking
the clay spacing. If this suggestion is corrected, it was impossible to explain why
the presence of the resulting tactoids did not aﬀect the breakdown behaviour of
these materials. The material preparation demonstrated to be important in the
dispersion of the MMT in the polymer but a direct correlation with the dielectric
properties was not obvious.Chapter 8 Conclusions 173
8.1 Future Works
The work presented in this thesis demonstrates that the morphology and dielectric
properties of a polymeric material can be appropriately designed and controlled,
even though the inﬂuence of factors such as the quantity and type of the ﬁller, as
well as the molecular weight of the copolymer need to be carefully assessed. The
results obtained so far provide motivation for further investigations, some of which
are brieﬂy and outlined below. As shown in Chapter 3 the nature of the DBS is
not clear, an issue which deserves more attention and experimental studies. The
nucleation of ultrathin samples of PE:DBS could beneﬁt from the use of AFM to
elucidate its fundamental features. Space charge measurements suggested that the
addition of DBS (0.3%) can represent an eﬀective way to decrease the trapping
of charges, but the eﬀect of diﬀerent crystallisation temperatures still needs to be
investigated. Chapter 5 highlighted that diﬀerent morphologies can be obtained
by playing on just a small number of variables. Of particular interest was the
ﬁnding that the molecular weight can play a major role in designing new blends.
This can be considered to be part of a bigger project where EVA with the same VA
content could be studied at various molecular weights, by applying the breakdown
rig. Chapter 7 revealed some more interesting characteristics. It was found that
the preparation method can inﬂuence the dispersion. A further study should thus
investigate the same material prepared by extrusion, in order to see if the shear
involved in such a process could increase the dispersion of the MMT. Finally, we
aim at exploring the possibility of adding EVA:MMT to the PE blends in order to
enhance the exfoliation of MMT in polyethylene blends via solution blending and
extrusion and study the properties of the nanocomposite polymer as a model for
a nanodielectric material.References
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